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ABSTRACT 
Nitrogen dynamics in integrated agricultural systems in central Mexico 
Joel Velasco Velasco 
Smallholdings (<5 ha) represent 73% of the total agricultural production systems in 
Mexico. Many are of low productivity, and little quantitative data has been published 
on the impact of traditional nitrogen (N) management practices on environmental 
performance at farm scale. Nitrogen is the most important nutrient for increasing crop 
yields. While the benefits from the use of N fertilizer are self evident, it has resulted in 
low efficiency of N utilization and environmental problems. This project aimed to 
assess N dynamics in Integrated Agricultural Systems (lASs) in central Mexico. 
Nitrogen inputs, outputs and internal transfers were assessed and the impact of 
selected management practices on nitrogen flow, productivity and environmental 
performance were analyzed using nitrogen use efficiency (NUE) indices. A predictive 
framework tool was developed following whole farm methodologies to quantify N 
flow, and to assess selected (NUE) indices such as 0/1 ratio, N loss, accumulated N, 
and the change of N in the soil pool at farm scale. Data used for the development of 
the predictive framework was derived from experimental evaluations of ammonia 
emissions during vermicomposting, and integrated with data from the literature, 
together with data from an integrated agricultural systems prototype in Montecillo 
Mexico. The main N inputs into integrated agricultural systems in the Texcoco region 
were estimated to be in the following order of significance: biological N fixation (11 -
532), manure (15 - 225), fertilizer (0 - 140) and rainfall water (30 - 35 kg ha-1 a·\ 
The main N outputs were: N losses (70 - 528 kg ha-1 a-1 ) and exported N in 
marketable products (72 - 338 kg ha·1 a·\ Experimentally derived estimates of 
ammonia emissions during vermicomposting of sheep manure ranged from 10 - 15 
kg Mg-1 OM which corresponded to 42 - 47% of the initial N content in the manure 
substrate. The impact of current management practices showed 0/1 ratios ranging 
from 0.30 - 0. 76, N losses ranged from 76 to 210 kg ha·1 a-1 and N depletion/ 
accumulation ranged from -25 - 143 kg ha·1 a·1. The effect of selected management 
practices on 0/1 ratio was as follows: crop sequence > stocking density > livestock 
type > manure management. Whereas for N loss it was stocking density > livestock 
type > manure management > crop sequence. Higher productivity together with a 
more benign environmental impact could be attained in smallholder by implementing 
simple recommended manure management practices at farm scale. 
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CHAPTER 
1 
Introduction and research objectives 
1.1 Global food security and production issues 
Agricultural production currently supplies food to 6.7 billion people worldwide (The 
Royal Society, 2009). In recent years the increased yields in agricultural production 
as a consequence from intensive fertilizer inputs, water and pesticides, new crop 
strains, and other technologies of the 'Green Revolution' has partially accomplished 
the food supply goal (Tilman et al., 2002). Theoretically, there is 29% more food per 
person alive today than the food available in 1960. Nonetheless, these figures hide 
important regional differences. As the Food and Agriculture Organization for the 
United Nations (FAO) reported, more than one billion people currently fight against 
hunger and malnutrition (FAO, 2009). Tilman et al. (2002) noted that while food per 
capita has increased globally in recent years, Africa is a special case where food 
production has decreased from the 1970s and is only just recovering to the 1960 
level. Also, The Royal Society (2009) noted increasing food production per capita for 
Asia and Latin America of 98% and 61% respectively. These changes have a direct 
impact on reducing hunger and improving nutrition. 
World food production (cereals, other grains, root and tubers, pulses and oil crops) 
has increased from 1.84 billion tonnes in 1961 to 4.38 billion tonnes in 2007, 
approximately 138% (The Royal Society, 2009). This increase varies across 
continents as follows: Africa ( 140% ), Latin America (200%) and Asia (280%) 
(FAOSTAT, 2009). In 2007, the world's farmers produced 2.3 billion tonnes of grain 
(80% of which was wheat, rice and maize) and another 0.5 billion tonnes of roots and 
tubers (FAOSTAT, 2009). Cereal production in 2007 was 4.7% up on 2006 and 2.7 
times the amount that was being produced 50 years ago (0.83 billion tonnes). 
However, the global population is estimated to be 50% larger than at present by 
2050, and the demand for some products like grain is projected to double 
(Aiexandratos, 1999). The Royal Society (2009) and Lee (2008) argue that food 
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security will be the main challenge for modern agriculture in the present century, 
since current trends of population, food demand and climate change could lead to a 
global crisis in the coming decades unless action is taken now. This will place an 
increasing pressure on resources (i.e soil, water) to support food production, and 
consequently a potential negative environmental impact could be expected. 
1.2 Agricultural food production: the case of Mexico 
The demand for food to feed a population of 111 million has exceeded the food 
supply by Mexican agricultural production. Mexico has a total agricultural land area of 
approximately 24 Mha of which 75% is rain-fed and 25% is irrigated (SAGARPA, 
2007). Food consumption is strongly dependent on imported food to fulfil the national 
food demand i.e grain production and consumption (Figure 1.1 ). Mexico is the fourth 
largest vegetable exporter in the world and the first in the American continent with a 
total production of 9.3 Mt in 2006 (DGAFPN, 2008). With a growing population, an 
expanding economy, and a more market-oriented agricultural sector, Mexico has 
become the third-largest agricultural trading partner of the United States (following 
Canada and the 27 countries of the European Union) in terms of exports and imports 
combined. 
In 2008, Mexico accounted for about 13.9% of U.S. agricultural exports and 13.5% of 
imports, as defined and categorized by the United States Department of Agriculture 
(USDA). Between 1993 (the last year prior to North American Free Trade Agreement 
-NAFTA implementation) and 2008, Mexico imported agricultural products from the 
United States (U.S.) at a compound annual rate of 1 0.4%, while agricultural exports 
to the U.S. grew at a rate of 9.7% (Zahniser, 2009). However, in the last decade the 
consumption preference towards organic products in developed countries has 
impacted on Mexican organic agriculture, with nearly a quarter of a million ha now 
certified for organic food production. The area growth was 175% from 200 to 2004, 
and the produce is mostly export-oriented (G6mez Tovar et al., 2005). Nevertheless, 
to supply future generations with food, FAO (2009) and The Royal Society (2009) 
suggest that agricultural food production must address productivity and sustainability 
of farming systems to ensure food supply for future generations. In this context, 
improvements in the productivity of small scale farming systems in developing 
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countries is going to be one of the main targets for international food organization 
bodies and also for agricultural research scientists. Hence, it is necessary to study 
productivity and environmental performance in small scale farming systems which 
account for 73% of agricultural production systems, and particularly more efficient 
nitrogen (N) utilization strategies to contribute in the supply of food for the Mexican 
population. 
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Figure 1.1. Estimates of Mexican production and consumption of grains (maize, 
bean, wheat, soybean, sorghum and rice) from 1985 to 2020. Source: 
SAGARPAIFAO, cited by Ramos-Castellanos (2008). 
1.3 Research context 
Agricultural systems have experienced dramatic changes in the last four or five 
decades, as farming systems have become more specialized and more intensive 
(McNeill et al., 2005) these changes have been accompanied by a greater potential 
for uncontrolled losses of nutrients. Nitrogen is an example of a nutrient that is often 
lost in different forms from agricultural systems due in large part to complex 
processes of transport and transformation in the soil (Brady & Weil, 2002). Nitrogen 
has been recognized as the single most important nutrient for increasing crop yields. 
While the benefits from the use of fertilizers in terms of crop yield are self evident, 
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intensification of agriculture has resulted in environmental problems (Dalton & Brand-
Hardy, 2003). Grageda-Cabrera (1999) quoted that in central Mexico (in "The Bajio" 
region, Mexican state of Guanajuato) nitrogen fertilizer application rates have 
increased from 150 kg N ha·1 to 400 - 600 kg N ha·1 during three decades from 1960 
to 1990. This increment in fertilizer use has not increased yields significantly in 
vegetable production systems. At the same time soil organic matter has decreased 
from 2.6 to 0.6%. Patersen et al., (2006) argue that a whole-farm perspective of N 
management is essential to ensure efficient N cycling for optimum productivity while 
minimizing losses and environmental impacts. 
Today one of the most important agronomic challenges in Mexico is to improve 
productivity of the small-scale agricultural systems that still predominate in many 
developing areas such as the Valley of Mexico. In fact, smallholders {<5 ha) 
represent 73% of farming systems, while 22 and 5% corresponding to medium scale 
(5 - 20 ha) and large scale farms (>20 ha) respectively (Madrid-Cordero, 2009). The 
term 'smallholder' refers to their limited resource endowments relative to other 
farmers in the sector (Dixon et al., 2004). According to Dixon et al. (2004), the 
definition of smallholders differs between countries and agro-ecological zones. In 
areas with high population they cultivate less than one ha of land, whereas they may 
cultivate 1 0 ha or more in semi-arid areas or manage 1 0 head of livestock. However, 
not only does smallholder farm size vary, but also their allocation of resources to 
food, cash crops, livestock and off-farm activities, their use of external inputs and 
hired labour, the proportion of food crops which are sold, and in their household 
expenditure pattern (EIIis, 2000). 
Agricultural enterprises have been conventionally studied as separate entities (i.e. 
livestock, crops) following the "green revolution" legacy (Tivy, 1990). However, to 
control and reduce the impact of conventional N agricultural practices on soil, water 
and air in the UK, simple N management strategies have been suggested by the 
Department for Environment, Food and Rural Affairs (DEFRA). For instance, timing 
of nitrogen applications adjustment (DEFRA, 2009a). In the UK much research has 
been conducted to evaluate productivity and environmental impact associated with N 
compounds used by agriculture at farm scale i.e. Jarvis (1993) and Cuttle & Jarvis 
(2005). Likewise, mixed prototypes and ecological farming systems have been 
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studied in the search for more sustainable farming systems in Europe i.e. Oomen et 
al., (1998). Best management practices have been tested in pilot mixed farming 
systems by Pacini et al. (2003) and Langeveld et al. (2007). The N use efficiency 
(NUE) concept defined as production per unit N input, and NUE related indices have 
assumed particular interest for studying N dynamics at farm scale (Schroder et al., 
2003), not only because there are quantitative assessments of N utilization, but also 
because the information generated provides evidence of environmental performance 
and therefore can be of use for farmers, researchers and policy makers (Roy et al., 
2003; Langeveld et al., 2007). 
In recent years, the growth of the population (3% annually) in the Mexican high 
plateau and specifically in the Valley of Mexico has placed integrated agricultural 
systems (lASs) under tremendous pressure from urbanisation. Small-scale lASs 
(from 1 - 5 ha) with variable productivity have increased their vulnerability to urban 
development. The Valley of Mexico has a variety of lASs in which the interaction 
between livestock and crops is an important attribute. However, many lASs face N 
cycling weakness in general and low N use efficiency and management within 
specific components (Losada et al., 1998b; Alvarez-Fuentes et al., 2003). 
Consequently, traditional N management practices result in crop yield potential not 
being reached and likely loss of N compounds to ground water and forest areas 
(Fenn et al., 1999). Special attention needs to be given to integrated agricultural 
systems in the peri-urban space of the Valley of Mexico in order to assess the impact 
on productivity and long term sustainability of traditional and recommended 
management practices e.g. vermicomposting, which has been suggested as potential 
alternative for manure management at farm scale (Reinecke et al., 1992; 
Frederickson, 2003; De Aquino et al., 2005; Garget al., 2006) 
Agricultural systems in the Texcoco region benefit from the proximity of the 
agricultural research institutions such as the International Wheat and Maize 
Improvement Centre (CIMMYT), the Postgraduate College and the Autonomous 
University of Chapingo. Nevertheless, the adoption of recommended practices to 
enhance efficient resource utilization within components has been variable 
(SAGARPA, 2005). For this reason, in 1999 an integrated agricultural system 
prototype was established at the Colegio de Postgraduados in the Texcoco region. 
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As a demonstration facility, the IAS prototype incorporates interacting production 
components with the aim of increasing local knowledge of these systems, 
establishing parameters of sustainable operation and facilitating technology transfer 
and training for technicians and agricultural producers. The diversification of 
productive activities and resource flow among them results in a production risk 
reduction but high production cost. However, questions such as "how to decrease N 
losses?" and "how to increase N use efficiency at farm scale?" frequently arise. 
Hence, studying N dynamics in the core components (livestock, manure 
management and cropping system) is essential. This study will synthesise and 
analyze experimentally derived data on N dynamics. Further farm scale N use 
efficiency indices will be developed. These can allow to the evaluation of productivity 
and environmental performance at the scale of individual lASs. Consequently, a 
better understanding of N dynamics at farm scale will allow researchers and 
agricultural producers to reorientate current management strategies, and also it could 
lead to more efficient internal N transfers and minimize reliance on imported N. 
1.4 Research aim and objectives 
This research aims to assess nitrogen flows in integrated agricultural systems in 
central Mexico. Nitrogen inputs, outputs and internal transfers will be quantified, and 
the impact of selected management practices on nitrogen flow, productivity and 
environmental performance will be analyzed using nitrogen use efficiency indices. 
The objectives of the project, which all focus on integrated agricultural systems in 
central Mexico are: 
1. To assess the nitrogen budget of an integrated agricultural system prototype. 
2. To quantify nitrogen losses through ammonia volatilization during 
vermicomposting. 
3. To develop a predictive framework for nitrogen flow in integrated agricultural 
systems. 
4. To evaluate the impact of selected management practices on nitrogen flow, 
productivity and environmental performance in small scale integrated 
agricultural systems. 
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1.5 Thesis outline 
This thesis is divided in eight chapters, the content of which are summarized below: 
Chapter 1. Addresses the introduction, the research context and objectives of the 
thesis. The importance of studying productivity and environmental 
performance in small scale agricultural systems in Mexico is highlighted. 
Chapter 2. Reviews the literature in a general context. Concepts used in the research 
are presented and gaps of knowledge and information according to the 
literature review are highlighted. 
Chapter 3. Summarizes the location of the study region, the key characteristics of 
agricultural systems in the Texcoco region and key characteristics of the 
integrated agricultural systems prototype established in the Colegio de 
Postgraduados in Montecillo Mexico. 
Chapter 4. Focuses on objective 2 of the research the quantification of ammonia 
emission during vermicomposting. 
Chapter 5. Addresses the development of the predictive framework for N flow for the 
core components of integrated agricultural systems in the Texcoco region. 
Chapter 6. Scenario outputs ere analysed and discussed in terms of the effect of 
selected management strategies and practices on the productivity and 
environmental performance of integrated agricultural systems. 
Chapter 7. Focuses on the analysis and discussion of the productivity and 
environmental performance of 15 surveyed farms in the Texcoco region by 
applying the predictive framework for N flow. The effect of extreme scenarios 
on productivity and environmental performance are presented. 
Chapter 8. Conclusions and the recommended future work are discussed in this 
chapter. 
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CHAPTER 
Nitrogen dynamics in integrated agricultural systems: 
literature review 
2.1 Defining integrated agricultural systems 
2 
Integrated agricultural systems are based on multiple components that interact in 
space and/or time. The interaction results in a synergistic resource transfer among 
components (Hendrickson et al., 2008). Oomen et al., (1998) and Watson et al., 
(2005) defined lASs as the integration of livestock and arable crop production and a 
ready exchange of products and services between them. Indeed, by working towards 
sustainability in agricultural systems, the producer or manager of any particular agro-
ecosystem strives to use the ecosystem concept in designing and managing agro-
ecosystems (Giiessman, 1997). lt should be noted that integrated agricultural 
systems are in a sense similar to traditional "mixed farming systems"; however this 
term has been commonly used for European agriculture and it has been extensively 
used for tropical and subtropical agricultural systems in African countries. Mixed 
farming systems are defined as inter-sectoral enterprises with a combination of 
diverging agricultural activities like arable cropping and livestock, and characterized 
by intensive exchange of products and services between the different sectors 
(Oomen et al., 1998). Table 2.1 highlights the general characteristics that define 
integrated agricultural systems and mixed farming systems. In essence both 
integrated and mixed faming systems share similar principles. These definitions rely 
on the concept of system sustainability, including the ecological, economic and social 
dimensions; therefore, better understanding of the structure, the relationships and 
synergistic N transfers among components is essential. Gliessman ( 1997) argue that 
full integration of agricultural systems at farm or community scale can contribute in 
slowing or reversing some of the detrimental environmental and economic problems 
associated with specialized industrial agriculture. 
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Table 2.1. Main characteristics of agricultural systems as proposed by Hendrickson (2008) and Oomen et al. (1998). 
Characteristic BASs1 DASs2 
Number of enterprises 2 >3 
Resource flows between No Low 
enterprises 
Interaction between 
enterprises 
Management strategy Highly Predetermined 
predetermined and follow 
BMP 
Marketable products 1 >2 
Economic and Only economic Only economic 
environmental 
conservation goals 
Management complexity Low Low 
Farmer understanding of Economic Economic 
the production philosophy 
1Basic agricultural production systems (BASs), 
2Diverse agricultural production systems (DASs), 
3Dynamic agricultural production systems (DyASs), 
41ntegrated agricultural production systems (lASs), 
5Dynamic-integrated agricultural systems (DyiASs), 
6Mixed farming system (MFS). 
Agricultural systems 
DyASs3 IASs4 
>3 >3 
Unidirectional Highly 
synergic 
In time In space 
and time 
Annual adjustment Fixed 
to optimize aiming all 
production producer 
goals 
>2 >2 
(Both) High (Both) 
production and low Equilibrium 
inputs 
Medium High 
Economic & Economic & 
Environment environment 
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DyiASs5 
>3 
Maximum 
synergistic 
benefit 
>2 
Highly 
synergic 
In space and In space and 
time time 
High degree of 
management 
>2 
(Both) 
Maximum 
equilibrium 
Highly complex 
Complete 
philosophy 
understanding 
Fixed aiming 
all producer 
goals 
>2 
(Both) 
Equilibrium 
High 
Economic & 
environment 
Modern agricultural production systems requires intensive agrochemical inputs, 
particularly fertilizers; however the use of forages and other diverse crops in a 
rotational crop sequence can reduce reliance on intensive inputs, improve crop 
yields, reducing plant disease and enhance N use efficiency (Hernandez, 1985b; 
Altieri, 1994; Gliessman, 1997; Hendrickson et al., 2008). In this context, assessment 
of nitrogen dynamics at farm scale is a target opportunity, and it is important to define 
the lASs typically found in the Texcoco region in terms of conventional classifications 
of agricultural production systems. In that respect, a hierarchical classification of 
agricultural systems proposed by Hendrickson et al., (2008) is described in Figure 
2.1. lt can be observed that as systems progress from simple agricultural systems to 
dynamic-integrated agricultural systems, their sustainability, complexity and 
management inputs increase, but production risk decreases through diversified 
marketing opportunities and avoidance of price cycles. According to this classification 
lASs are located between Dynamic-integrated Agricultural Systems (DyiASs) and 
Dynamic Agricultural Systems (DyASs). The difference between lASs and DyiASs is 
the level of management; while lASs differ from DyASs in the resource flows among 
components in addition to those characteristics mentioned in Table 2.1. Broadly 
speaking DyiASs are pilot and prototype farming systems where a high degree of 
management is implemented, aiming at the integration of social, productivity and 
environmental goals. 
Hierarchy of Agricultural Systems 
Dynamic-integrated Agricultural Systems 
Integrated Agricultural Systems c Ol .Q 
c +" 
.Y. +" >. () (/) c -~ Dynamic Agricultural Production Systems (/) :::J >. Ol Q) ro "0 0::: +" E .0 Q) 0 ·x c ro L.. L.. Q) ·u; Q) Diverse Agricultural Production Systems () 0... 
ro Ol -~ c 0.. Q) ro ro E c +" Basic Agricultural Production Systems L.. (/) 0 () ro :::J 
0 c ::::2: CJ) 
Figure 2.1. Hierarchical arrangement of agricultural production systems (Hendrickson 
et al., 2008) 
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Nitrogen dynamics can be evaluated in terms of N use efficiency; hence it is 
important to define the lASs studied in this project, in relation to N inputs and outputs 
reported in the literature for agricultural systems. A classification of agricultural 
systems using N outputs of products as an index of intensity of farming were 
presented by Tivy (1990). Several types of farming systems were classified on this 
basis in which it is observed that their N output categorizes them either as intensive 
or extensive agricultural systems. The range of variation in outputs is observed as 
being much more variable in the intensive than in extensive systems. This is due to 
the intensity of management being low and the number of possible combination of 
inputs negligible in more extensive systems; in more intensive systems the level of 
management is highly sophisticated and the number of possible combination of 
inputs are considerable (Figure 2.2). 
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Figure 2.2. A conceptual representation of agricultural systems based on their 
nitrogen output. Black dots represent farm systems for which data is available. 
Source: Frissel (1978), cited by Tivy (1990). 
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lt could be argued that according to N outputs, extensive agro-ecosystems are little 
modified in terms of the degree of exploitation (Figure 2.2); whereas intensive agro-
ecosystems are almost completely modified by man. However, N cycles in more 
intensive agro-ecosystems are often less complex, because of a high degree of 
specialization in relation to inputs, in comparison to the less specialized (intermediate 
and mixed) systems. Under this classification of agricultural systems, lASs in the 
Valley of Mexico are located in the middle of the spectrum; they could be driven 
towards intensive systems if the level of management and the N inputs (through 
fertilization) is high and hence the N output of consumables increases. Similarly, 
lASs can be considered extensive when the productive N outputs are low ( < 40 kg N 
ha-1 a·1) and they tend to be in equilibrium (Tivy, 1990). 
2.1.1 Classification of agricultural systems in Mexico 
According to the Food and Agricultural Organization of the United Nations (FAO) 
(Hall et al., 2001 ), five major agricultural systems can be found in Mexico (Table 2.2). 
These are: i) irrigated farming systems, which encompasses most of the arid 
agricultural land in Central and North Mexico, with a high degree of intensive 
production that is generally commercially orientated. ii) Maize-bean (Mesoamerican) 
farming systems practiced in Central and South Mexico; including a substantial 
indigenous population that is historically and culturally based upon the production of 
maize and beans for subsistence. iii) Coastal plantation and mixed farming systems. 
These systems occupy some of the richest agricultural lands in the region but also 
include mangrove swamps and isolated areas of tropical forest. Within this type of 
agricultural system, there are two major subsystems: a) small scale family farms with 
mixed agriculture, in-shore fishing and frequent off-farm employment and b) large 
scale plantations that tend to be export orientated. iv) the dry land mixed farming 
systems, located in the Yucatan peninsula; small-scale producers who exist 
alongside large scale extensive ranches. The small-scale producers commonly 
depend on seasonal migration and wage labour for survival. v) Peri-urban agricultural 
systems which are developed close to cities characterized as small mixed farms and 
off-farm employment, i.e. the Valley of Mexico (Hall et al., 2001 ). 
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Table 2.2. Classification of agricultural systems in Mexico according to the FAO (Hall 
et al., 2001 ). 
Farming system 
Irrigated 
Coastal plantation 
and mixed 
Maize-beans 
Dry land Mixed 
Peri-Urban 
Production component 
Horticulture, fruit, cattle 
Export crop/tree crops, fishing, tubers, tourism 
Maize, beans, coffee, horticulture, off-farm work 
Livestock, maize, cassava, wage labour, seasonal 
migration 
Horticulture, dairy, poultry 
In addition to the previous classification, Losada et al. ( 1998b) suggested six 
traditional agricultural systems for the southern part of the Valley of Mexico. These 
are chinampas (floating plots) in the wetland zone of Xochimilco, fell-slash-burn, 
slash-burn, the terraces of the highland zones, the family orchards (or kitchen 
gardens) and the backyards (a mixed cultivation of maize, vegetables, flowers, and 
fruit with sheep, turkeys, ducks and hens). These agricultural systems have been 
studied from different points of view, such as ethno-botany (Hernandez, 1985a), 
production dynamics (Losada et al., 1998b; Pulido & Bocco, 2003), description of 
productive components and agro-ecology (Hernandez, 1985b; Toledo, 1985; Laird et 
al., 1994; Torres-Lima, 1994; Altieri, 1995; Gliessman, 1997; Losada et al., 1998a). 
Many agricultural systems in the Texcoco region can be considered to be integrated 
agricultural systems, in terms of the definition given by Hendrickson et al. (2008). 
According to Tivy ( 1990), these lASs are both intensive and extensive mixed farming 
systems, depending on the management intensity and N outputs. Agricultural 
systems studied in this research are located in what Losada et al. (1998b) called the 
peri-urban region of the valley, and includes mixed and backyard agricultural 
systems. Thus, based on the literature review presented here, agricultural systems 
studied can be seen to conform with the definition of both integrated agricultural 
system (lASs) and mixed farming systems. In this project, the term "Integrated 
Agricultural Systems" is applied to these agricultural systems. 
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2.2 The nitrogen cycle in agricultural systems 
One universally important attribute of agricultural soils is the availability of plant 
nutrients. Research confirms that availability of N in organically managed systems 
can restrict crop productivity, particularly of non-legumes, by limiting the amount of 
available N during the period of major demand of the crop (Dalton & Brand-Hardy, 
2003). An adequate and balanced availability of a wide range of essential 
macronutrients and micronutrients is required to optimize plant growth; however, in 
most agro-ecosystems, the immediate limitation to productivity is the availability of N 
(Berry et al., 2002; Christensen, 2004 ). The productivity and environmental 
performance of lASs could be improved by decreasing N losses through efficient N 
utilization, for instance studying N dynamics in the core components (soil-cropping 
and livestock components) of lASs, and analyzing the effect of different manure 
management practices are evaluated in this research in order to provide information 
on the impact of simple management practices on N flows at farm scale in central 
Mexico. The following section describes the general agricultural N cycle, with 
particular attention given to N losses. 
2.2.1 Nitrogen dynamics in the soil-cropping component 
The majority of plants, animals and micro organisms are adapted to use and retain 
small amounts of N efficiently (Brady & Weil, 2002). Under natural conditions the N 
cycle is essentially in equilibrium, and can tolerate change through uptake, storage 
and use, resulting in increasing biomass production (Dalton & Brand-Hardy, 2003). 
However, large additions of N, such as those that accompany agricultural 
intensification, causes imbalances in the N cycle and result in potential uncontrolled 
outflows (Tivy, 1990). Nitrogen can become available to cultivated plants from soil 
organic matter by mineralization, from the atmosphere by deposition and N fixation, 
and from inorganic fertilizers and manure (Figure 2.3). Where N is not taken up by 
crops, it can be either lost by leaching and volatilization, or fixed in clays and 
incorporated into soil organic matter (White, 2006). 
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Mineralization is the process by which organic N compounds are transformed during 
microbial decomposition to release ammonium ions (ammonification) and carbon as 
C02, according to the following reaction equation (Vinten & Smith, 1993). 
Organic N----+ NH4 ++OH-
Subsequent NH4 is oxidized to N03, following the nitrification reaction exemplified by 
the following equation: 
Lr .l 
Crops 
NH3 volatilization 
Denitrification 
u Mineralization 
Immobilization D. 
Inorganic N 
NH4 N03 
Figure 2.3. Simplified agricultural N cycle highlighting inputs (green arrows), tradeoffs 
(yellow arrows) and losses (red arrows). Modified from Dalton and Brand-Hardy 
(2003). 
The process rate is affected by many factors, including the composition of the 
decomposing substrate, soil temperature, moisture content, and pH (Brady & Weil, 
2002). Immobilization is the reverse process by which there is a net incorporation of 
mineral N, usually NH4, into organic forms. A major influence on the balance between 
mineralization and immobilization is the C:N ratio in decomposing organic residues. 
Low C:N ratio generally results in net mineralization and facilitates a high rate of 
decomposition (Vinten & Smith, 1993). White (2006) observed that depending on the 
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soil type and environmental conditions the quantity of soil N in the root zone range 
from 1 to 10 Mg ha·1, much of which occurs in the top 15-20 cm of the soil profile. 
Nitrogen released to atmosphere as N2 and N20 during denitrification, N oxides (NO 
and N02), NH3 and other forms in dust (NH4 and N03) returns in different forms (i.e 
acid rain) to soil. Some NH3 is absorbed by plants while the remainder could form 
salts i.e (NH4)zS04 which can be dissolved in rain, or deposited in soil and plant 
surface as dry deposition (Brady & Weil, 2002). White (2006) noted that total N input 
from the atmosphere typically ranges from 5 - 60 kg ha·1 a·1 depending on the air 
pollution. Exceptionally N deposition can reach 100 kg ha·1 a·1 in forests close to 
intensive livestock activities (White, 2006). Biological N fixation is conducted by a 
small minority of microorganisms which have the ability to reduce Nz to NH3 and 
reincorporate NH3 into the amino acids for proteins synthesis following the reaction 
below (Peoples et al., 1995). 
N + 3Hz + energy-- 2NH3 
These microorganisms live either independently in soil (free-living heterotrophs) or in 
symbiotic association with plants. 
2.2.1.1 Losses of soil nitrogen from cropping systems 
Nitrogen loss from an agricultural soil can occur in several pathways. Merrington et 
al. (2002) quoted that the most desirable route is via crop uptake and subsequent 
removal through harvest since this produces both an economic return for the farmer, 
and is not a direct source of pollution. According to lsherwood (2000) cited by 
Merrington et al. (2002), the proportion of applied N taken during a growing season 
under controlled conditions should be between 50 and 70%; however in practice any 
N which is available in the soil for crop uptake is also vulnerable to loss from the soil 
without economical return for the farmer. In agricultural systems much of the soil N is 
removed in harvested products, except under grazing where approximately 85% is 
returned in animal excreta (White, 2006). lt can be seen in Figure 2.3 that N loss 
mostly occurs by volatilization and leaching. Nitrate is very vulnerable to leaching 
because it is soluble in water, and apart from some acid soils in the tropics, there is 
no significant adsorption of nitrate onto the soil colloidal surfaces. Nitrate is 
concentrated in the surface (0 - 25 cm) of soil where it is produced by mineralization 
of organic N or from fertilizers. Nitrate concentration varies markedly due to the 
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interaction of temperature, water content, aeration and species effects on nitrification 
(Vinten & Smith, 1993). Nitrogen volatilization occurs from two main sources: the 
inorganic soil N pool, by NH3 volatilization and denitrification; and from manure by 
NH3 volatilization (Figure 2.3). Approximately, two thirds of gaseous N emission from 
agriculture has been attributed to NH3 emission (Davidson & Mosier, 2004). Gaseous 
losses of NH3 are more significant from agricultural systems involving livestock 
(especially intensive production systems) due to the breakdown of urea in animal 
urine and faeces (Whitehead et al., 1986). Another route by which significant 
amounts of N may be lost in an agricultural soil is via nitric oxide (NO), nitrous oxide 
(N20) and molecular nitrogen (N2), which according to Davidson & Mosier (2004) 
correspond to one third of gaseous N emission from agriculture. Denitrification occurs 
under anaerobic soil conditions when N03- replaces 02 as the terminal electron 
acceptor in microbial respiration (Merrington et al., 2002). This bacterial process of 
N03- reduction is not commonly found in agricultural soils in the Texcoco region. For 
this reason, special emphasis to NH3 emissions in general, and particularly from 
manure management practices is given in this research. 
2.2.1.2 Ammonia emission from nitrogenous fertilizer 
Ammonia is emitted directly from N fertilizer after spreading, and indirectly through 
plants. Urea ((NH2)2 CO) produces large emissions of NH3 because it breaks down in 
the soil and on plant surfaces to form NH4. This process is accompanied by an 
increase in pH to over 9 in the vicinity of fertilizer granules. As a result, acid soil pH 
does not have much effect on ammonia emissions after urea spreading, because the 
pH will always be high close to each granule of fertilizer. By contrast, with fertilizers 
such as ammonium sulphate and di-ammonium phosphate, chemical reactions in the 
soil do lead to larger ammonia emissions from calcareous soils. Where soil pH is 
more than 7, emissions from ammonium sulphate may be even greater than those 
from urea (Sutton & Harrison, 2002). In soil, NH3 is in equilibrium with NH4 ions 
according to the following reversible reaction: 
.. .. 
According to this reaction, NH3 volatilization will be more pronounced in alkaline pH 
as OH- ions drive the reaction to the right; while NH3 producing amendments will 
drive the reaction to the left, raising the pH of the solution in which they are 
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dissolved. Soil colloids, both clay and humus, adsorb NH3; so NH3 losses are 
greatest when low quantities of colloids are present or where NH3 is not in close 
contact with the soil (Brady & Weil, 2002). In the Mexican agriculture, approximately 
5 million tonne of N fertilizers were consumed in 2003 (Nufiez-Escobar, 2007), and 
the most used fertilizers are listed in Table 2.3. 
Table 2.3. Nitrogen fertilizers commonly used in Mexico. 
Nitrogen fertilizer Chemical 
Urea 
Ammonium sulphate 
Ammonium nitrate 
Mono-ammonium phosphate 
Di-ammonium phosphate 
formula 
(NH2)2C02 
(NH4)2 so4 
NH4 N03 
NH4 H2 P04 
(NH4)2 HP04 
Anhydrous ammonia NH3 
Source: (Pefia-Cabriales et al., 2001; Nufiez-Escobar, 2007) 
N content 
(%) 
46 
21 
35 
11-12 
18-21 
82 
At the study region, within the Valley of Mexico, high potential NH3 emissions could 
occur due to the environmental conditions such as low precipitation (630 mm a·1), 
mean annual temperature (18 oc) and alkaline soil characteristics in the surroundings 
of the ancient Texcoco lake. lt is important to consider NH3 loss from a whole IAS 
perspective because some of the NH3 conserved in livestock barns may later be lost 
during manure management or application to land. Improved management practices 
to conserve NH3 during manure management and application will only conserve NH3 
that has not already been lost from barns and manure storage. 
2.2.2 Livestock nitrogen inputs and outputs as products 
The number of domestic animals in the world has tripled between the years 1960 and 
2000; and forecasts suggest further increase in animal numbers in the range of 30 -
50% especially in developing countries (Oenema, 2006). This increase in animal 
numbers will lead to more animal protein and milk production, and also to higher N 
excretion. Livestock have an important role in farming systems. As stated by Tivy 
(1990), domestic animals have the ability to convert "second class" or low quality 
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plant protein material into "first class" or high-quality animal protein. According to 
WHO/FAO (2003), energy intakes per capita per day was 2681 kcal in developing 
countries and 3380 kcal in developed countries. Similar trends are evident for protein 
availability, this has increased in both developing and industrialized countries. 
Although the global supply of protein has been increasing, the distribution of the 
increase in the protein supply is unequal. The per capita supply of vegetable protein 
is slightly higher in developing countries, while the supply of animal protein is three 
times higher in industrialized countries. 
In farming systems, a close integration between crops and livestock is essential in 
order to improve N utilization at farm scale. As the main N input to livestock is 
through animal N intake, it can be argued that a more efficient N uti lization could be 
achieved by optimizing animal N intake in the diet (Kebreab et al. , 2001 ). Similarly, it 
has been suggested that livestock productivity could be further improved by using 
more productive food crops and increasing the productivity of traditional feed crops 
by making better use of crop residues and by products. Oenema (2006) quantified 
typical N cycling for farming systems in Europe, where the range of variation through 
the percentages of estimated N transfers could be observed (Figure 2.4). 
Imported 
feed 
N deposition 
N fixation 
Fertilizer 
... I Livestock 
80-95% 
I Crop I I 
L::_ 
I Soi l 
5-45% 
Animal product 
55-95% 
I Manure l· .. 
1 
50-90% 
!.~ ............ .......... ..... 
20-70% 
Figure 2.4. Nitrogen cycling and losses in European farming systems with livestock, 
manure, soil and crop. Percentages indicate estimated N transfer among system 
components and N losses. (Oenema, 2006). 
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Nitrogen exported in animal products is the response of the ability of livestock to 
convert feed energy and protein into animal protein such as meat, milk and eggs 
(Tivy, 1990). A simple indicator to assess N use efficiency is the outpuUinput ratio 
which varies depending on animal species, breed, level of exploitation and 
environmental factors (Paul & Beauchamp, 1995). For example, of the N fed to dairy 
cows in commercial livestock production, typically only 21 to 38% is exported as milk 
or meat, which means that 62 - 79% of the N fed is excreted via urine and faeces 
(Nennich et al., 2005). Guttie and Jarvis (2005) reported values of N use efficiency 
from 12 - 20% for dairy cow production based on grassland systems at whole farm 
scale in the southwest England. 
2.2.2.1 Excreted nitrogen and manure management 
Excreted N from livestock is more than 50% in terms of the animal N intake, and only 
from 5 - 45% of the N in animal feed is retained in the animal product. Figure 2.4 
shows that the greater part of N intake by animal feed (55 - 95%) is excreted as 
faeces and urine. Most N in urine is rapidly emitted as NH3, whereas the amount of 
faecal N converted to ammonia is quite variable, depending upon storage 
management and land application methods (Dewes, 1995). Ammonia emission from 
manure is the largest component of the NH3 emission budget (Davidson & Mosier, 
2004). For example, in the UK, estimates of NH3 emission suggest that more than 
80% are from agricultural sources from which livestock and manures contribute 84% 
and fertilizer 16% (Webb, 2001; Misselbrook & Chadwick, 2008). In the USA 
approximately 52 and 28% of the total NH3 emission are from livestock and fertilizer 
application respectively (Aneja et al., 2007), whereas in ten States located in the 
northern region of in Mexico, livestock is responsible for 55% of NH3 emissions and 
fertilizer contribute with 37% of the NH3 emitted from agricultural activities (Kuhns et 
al., 2005). 
Manure management plays an essential role in the reutilization of excreted N. 
Oenema (2006) estimated N excreted by domestic animals in different regions, and 
the corresponding percentage of recovered N (Table 2.4). Typically, only 16 and 20% 
of excreted N is recovered in agricultural systems in Central and South America, 
whereas, 63% of nitrogen is recovered in Europe. Manure management practices 
have been more extensively studied in developed countries and hence more 
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research is needed in developing countries. Composting and vermicomposting 
(inoculated with worms) have been widely but separately studied as methods for 
organic waste and manure management (Baldoni et al., 1996; Parkinson et al., 1996; 
Rodriguez et al., 1996; Ndegwa & Thompson, 2000; Campos, 2004; Velasco-
Velasco et al., 2004; Tognetti et al., 2007). However, composting and 
vermicomposting can be linked as a continuum to manage manure more efficiently, 
not only enhancing the value of vermicompost, but also accelerating stabilisation and 
sanitation of the product (Graziano & Casalicchio, 1987). In Mexico, the 
vermicomposting process has been recommended by Capistran et a/ (2001 ). as a 
method to manage organic residues and manure. In fact vermicomposting has been 
a profitable agribusiness in some regions (Luevano-Gonzalez & Velazquez-Galvez, 
2001 ). Further detailed information and discussion on the vermicomposting process 
is covered in Chapter 4. 
Table 2.4. Global quantities of excreted nitrogen from farms (Tg), and the percentage 
of nitrogen recovered. 
Region Cattle Goat Horse Sheep Pigs Poultry Total Recovery 
(%) 
Africa 5.6 2.0 1.6 2.0 0.1 0.7 12.0 14 
N. America 7.1 0.0 0.3 0.2 0.9 1.1 9.6 40 
C. America 2.0 0.1 0.4 0.1 0.2 0.3 3.1 20 
S. America 12.0 0.2 0.6 0.8 0.6 0.8 15.1 16 
W.Asia 0.7 0.6 0.2 1.6 0.0 0.4 3.6 17 
S. Asia 9.2 1.9 0.2 1.0 0.1 0.4 12.9 42 
E. Asia 5.8 1.9 0.7 1.3 5.8 3.6 19.1 58 
E. Europe 0.7 0.0 0.1 0.2 0.6 0.2 1.7 58 
W. Europe 5.0 0.1 0.1 1.2 1.5 0.6 8.5 63 
FSU* 2.4 0.1 0.2 0.8 0.5 0.4 4.4 40 
Oceania 1.5 0.0 0.0 2.1 0.0 0.1 3.7 20 
World 52.0 7.1 4.3 11.1 10.4 8.6 93.6 37 
*Former Soviet Union; source: Oenema (2006}. 
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2.3 Previous research on nitrogen dynamics in agricultural systems in 
Mexico 
Nitrogen dynamics in Mexican agriculture has focused mainly on commercial 
agriculture in Central and North-western regions (Turrent-Fernandez et al., 2005). In 
addition , research on N dynamics has been studied in separate farming components 
but a few studies cover N cycling at whole-farm scale. One example of N flow 
analysis in commercia l cropping systems, is the N cycling for wheat production in the 
Yaqui Valley, Sonora , Mexico where an improved version of an ecosystem N cycling 
model (NLOSS) was studied (Christensen et al. , 2006). Results demonstrated that a 
small decrease in fertilizer application rate can increase N-use efficiency for wheat 
growth, while reducing leaching losses and emissions of harmful trace gases (NH3, 
N20 , NO) fluxes. 
I Exported N I 
Plant N 
uptake 
Labile N 
Crop r pool residual N Labile N -~ fraction 
Microbial Mineral N 
- biomass pool 
-~ Recalcitrant 
N fraction 
Recalcitrant 
N fertilizer ~ N pool 
Humus N I pool 
+ + + 
Volatilization I Erosion I Lixiviation 11 Denitrification 
Figure 2.5. Conventional nitrogen flow model studied in cropping systems in central 
Mexico (Perez-Oivera et al., 2000). 
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Grageda-Cabrera (1999) noted that in Central Mexico (in "The Bajio" region, Mexican 
state of Guanajuato) nitrogenous fertilizer application rates in vegetable production 
have increased from 150 kg N ha-1 in the 1970s to 400 - 600 kg N ha-1 by the year 
2000. The increment in fertilizer application rate did not increase yields significantly, 
on the contrary, it has decreased the mean soil organic matter contents from 2.6 to 
0.6%. A theoretical N balance in arable agriculture in the "Bajio region" was 
estimated by Peiia-Cabriales et al. (2001 ), who observed N fertilizer application rates 
exceed the N crop demands, and the N fertilizer recovery by crops ranges from 15 -
30% in wheat. A conventional N flow approach studied in most agro-ecosystems in 
central Mexico is shown in Figure 2.5. lt is important to note that these approaches 
ignore the livestock component; however, due to the importance and the close 
integration of livestock and cropping systems it is important to develop whole farm 
scale N flow model approaches. lt could be argued that N dynamics at farm scale in 
Mexican agriculture has been little studied in comparison with farming systems in 
other geographical regions. For instance, China (Liu et al., 2003; Khai, 2007; Liu, 
2008; Ma et al., 2008; Wang, 2008; Jing, 2009), Africa (Rowe, 2006; Tittonell, 2006; 
Abegaz, 2007; Chikowo, 2007) and Europe (Cuttle & Jarvis, 2005; Nevens et al., 
2006; Oenema, 2006; Bassanino, 2007; Langeveld et al., 2007; Fangueiro, 2008). 
2.4 Assessing productivity and sustainability indices in agricultural 
systems 
Many indices have been used to assess productivity and sustainability of agricultural 
systems. As suggested by Tschirley (1997), indicators are pointers that, when used 
effectively can flag important conditions and trends that can help in development, 
planning, and decision making processes. First, it is important to define sustainable 
agriculture and sustainability indices. The concept of sustainable agriculture became 
widespread in the 1980s. As noted by Zhen and Rautray (2003 ), several definitions 
can be identified in the literature. Most of them share similar principles, although 
some emphasize different values, priorities and goals. Hence, sustainable agriculture 
can be defined as a practice that meets current and long term needs for food, fibre 
and other related societal needs, while maximizing net benefits through conservation 
of resources to maintain other ecosystems services and functions and long term 
human development (Tilman et al., 2002). An index is defined as a number or ratio 
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derived from a series of observed facts which can reveal relative changes as a 
function of time (Rao & Rogers, 2006). Sustainability indices allow integrated 
assessments about the sustainability of the system, after taking into account 
information provided by a series of indicators (Sands & Podmore, 2000). There are 
indicators in the literature accounting for the multidimensional attributes of 
agricultural sustainability. One set of six indicators suggested by Gomez et al. (1996) 
is based on easily measurable variables: yield, profit, frequency of crop failure, soil 
depth, organic carbon and permanent ground cover. The production system is 
considered sustainable with respect to each indicator if it exceeds a designated 
threshold level. These six indicators have been used to assess agricultural 
sustainability at farm and regional scale by the Department of Agriculture of the 
United States (Rao & Rogers, 2006). 
Another approach to agricultural sustainability assessment is based on total factor 
productivity (TFP), which Lynam and Herdt (1989) defined as the ratio of the total 
value of all measurable outputs to the total value of all inputs for a given production 
system. Its premise is that a non-negative trend in TFP indicates a sustainable 
system, and it can be applied at farm and regional scale. However, the TFP 
approach has been criticized because it does not internalize the external costs, such 
as environmental degradation. To overcome this a Total Social Factor Productivity 
(TSFP) was suggested as a better indicator (Rao & Rogers, 2006). 
The farm scale framework is another approach to agricultural sustainability 
assessments (Smyth & Dumanski, 1993). This approach is recommended by the 
World Bank and FAO for deriving sustainability indices specific to natural resources 
such as land quality index (LQI), soil quality index, and biodiversity index. The LQI 
program of the World Bank is based on the Framework for the Evaluation of 
Sustainable Land Management (FESLM) suggested by Smyth and Dumanski (1993); 
which identifies five pillars of land management: productivity, security, protection, 
viability and acceptability. These accommodate economic, environmental and social 
dimensions of the sustainability concept. The FAO and World Bank have 
subsequently tried to align FESLM with the Driving forces Pressures State Impact 
Responses (DPSIR) which was one of the first frameworks to assess sustainability in 
agricultural systems given by the Organization for Economic Cooperation and 
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Development (OECD) (Rao & Rogers, 2006). On the other hand, indicators have 
been further developed by national and international agricultural organizations. For 
example, DEFRA (2009b) has been continuously developing and improving 
indicators as part of the process of monitoring and evaluating the progress of 
sustainable farming and food strategy in the UK. The indicators developed by 
DEFRA are grouped according to economic, environmental and social dimensions of 
sustainable agriculture, and can be applied at local, regional and national scales 
(DEFRA, 2009b). 
Literature on sustainability indicators for agricultural systems recognizes that 
measuring sustainability is a broad concept, and it is also expensive and complex. 
Sustainability indicators can be strongly ecological and very detailed or they can be 
more policy focused and developed at sector or country scale (Bergstrom et al., 
2005). Sustainably indicators differ sometimes in information content and analysis. 
Van del Werf and Petit (2002) studied 12 indicator-based methods and differentiated 
two groups: one that focused on evaluating environmental impact or environmental 
performance, and another group that was focused on assessing ecological 
sustainability, which is a more wide-raging goal. Pacini et al. (2003) argue that there 
is a lack of close links to farm management decision making processes in both 
scientific and policy oriented indicators, and that a balance has to take into account 
both production and pedo-climatic factors at farm level and at more detailed spatial 
scales. 
2.4.1 Nitrogen use efficiency indicators in agricultural systems 
The term nitrogen use efficiency (NUE) is used to indicate the relative balance 
between the amount of N taken up and used by the crop versus the amount of N 
input. Nitrogen use efficiency is primarily influenced by two factors: the crop itself 
(photosynthetic factory) and the N loss opportunity, which depends on soil, weather, 
management strategies and practices in farming systems (Moll et al., 1982). 
Productivity in agro-ecosystems can be expressed in terms of the rate of plant and or 
animal biomass accumulated per unit land area within a specific time period. The 
productivity concept involves net primary productivity which, for crops, is dependent 
on the one hand on the efficiency with which the solar radiation is intercepted and 
used and, on the other hand on the difference between the rate of photosynthesis 
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and the rate of respiration during which the energy used in plant is dissipated as heat 
(Tivy, 1990). In addition NUE has been included as an indicator to assess 
environmental performance of agricultural systems because N losses can be a 
source of potential environmental damage to soil, water and air (OECD, 2001 ). 
Agri-environmental indicators are suggested by the OECD (see Table 2.5) developed 
based upon OECD countries addressing policy purposes. However the OECD (2001) 
argues that the choice of indicators is an evolving process depending on societal 
pressures and political choices. Another environmental management tool for 
evaluating the environmental impact of products, processes and activities is the Life 
Cycle Analysis (LCA) which is considered as an instrument in developing and 
optimizing more sustainable nutrient management strategies (Bergstrom et al., 
2005). Life cycle analysis is focused in the process of identifying 'environmental hot 
spots' through the life cycle of specific products (i.e. fertilizers, manure nutrients) 
during the whole chain and their impact on natural resources. However, the LCA 
approach has more social and ecological dimensions. 
Nitrogen flow in agricultural systems is commonly used to assess productivity and 
environmental performance by calculating agri-environmental indicators (AEis) such 
as 0/1 ratio, N losses (Nioss). accumulated N (Nacc) and change of soil N pool (<".SNP) 
(OECD, 2001 ). According to Langeveld et al. (2007), AEis provide information not 
only serving as analytical instruments in research and providing thresholds for 
legislation purposes, but also evaluating the effectiveness of good agricultural 
practices (GAP). From this point of view, several research projects have been 
conducted in Europe to assess environmental and productivity performance of 
farming systems (Schroder et al., 2003; Spears et al., 2003; Langeveld et al., 2007). 
In Mexico, few studies on N dynamics have been developed in agricultural systems 
(Perez-Oivera et al., 2000; Estrada-Botello et al., 2002; Cristobai-Acevedo et al., 
2007), and most of them focused in separate processes within enterprises. Aspects 
which evidenced the importance of studying and understanding N flow and balance 
at lASs scale are missing. 
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Table 2.5. Complete list of agri-environmental indicators given by the Organization 
for Economic Co-operation and Development. 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
-
• 
I AGRICULTURE IN THE BROADER ECONOMIC, SOCIAL AND ENVIRONMENTAL CONTEXT 
1. Contextual information and indicators 2. Farm financial resources 
Agricultural GDP • Agricultural land use • Farm income 
Agricultural output Stock Agri-environmental expenditure 
Farm employment Change Expenditure on agri-environmental 
Farmer age/gender Use research 
distribution 
Farmer education 
Number of farms 
Aqricultural support 
11 FARM MANAGEMENT AND THE ENVIRONMENT 
Whole farm management 
Environmental whole farm 
management plans 
Organic farming 
• 
1. Farm manaqement 
Nutrient management 
Nutrient management plans 
Soil tests 
Pest management 
Use of non-chemical pest 
control methods 
• 
• 
Soil land management 
Soil cover 
Land management practices 
Irrigation and water 
management 
Irrigation technology 
Ill. USE OF FARM INPUTS AND NATURAL RESOURCES 
Nutrient balance 2 Pesticide use and risk 3 Water use 
Nitrogen balance 
Nitrogen efficiency 
• 
• 
Pesticide use 
Pesticide risk 
• Water use intensity 
• Water use efficiency 
Water use technical efficiency 
Water use economic efficiency 
• Water stress 
IV ENVIRONMENTAL IMPACTS OF AGRICULTURE 
1. Soil quality 3 Land conservation 4 Greenhouse gasses 
Risk of soil erosion by water • Water retaining capacity • Gross agricultural 
Risk of soil erosion by wind • Off-farm sediment flow (soil greenhouse emissions 
2. Water quality retaining capacity) 
Water quality risk indicator 
Water quality state indicator 
5. Biodiversity 6. Wild life habitats 7. Landscape 
Genetic diversity • Intensive-farmed • Structure of landscapes 
Species diversity agricultural habitats - Environmental features and land 
Wild species 
• Semi-natural agricultural use patterns 
Non-native species habitats 
Man-made objects (cultural 
Eco-system diversity features) 
• Uncultivated natural • Landscape management 
habitats • Landscape cost and 
• Habitat matrix benefits 
Source: (OECD, 2001) 
In conclusion, indicators such as the soil surface nitrogen balance and the farm gate 
balance can be used as simple frameworks to evaluate productivity and 
environmental performance in farming systems. The soil surface N balance proposed 
by the OECD measures the difference between the N available to an agricultural 
system and the N uptake crops and forage. The farm gate balance is more focused 
on the livestock enterprise where manure and crops (unless they are imported or 
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exported) are considered as internal flows and are hence not included in the balance 
(Schroder et al., 2003). A persistent surplus indicates potential environmental 
pollution, while a persistent deficit indicates potential agricultural sustainability 
problems. Nevertheless, soil surface and farm gate N balances approaches can be 
analyzed in more detail by quantifying the N flows in the whole chain and evaluating 
where in the system the nitrogen use efficiency (NUE) can be improved. 
2.5 Knowledge gap analysis 
Integrated agriculture has the potential to fully or partially address many of the 
problems that confront agriculture today. According to Pacini et al. (2003), integrated 
agriculture can help to increase agricultural diversity from the field to the farm scale, 
which may increase system stability. Further, Hendrickson et al. (2008) noted that 
integrated agricultural systems may also be the best framework to use for developing 
sustainable agricultural systems. 
In Europe, an integrated approach to crop production called "integrated farming 
systems" has been recommended as a more sustainable approach to agriculture that 
can maintain farmer income and safeguard the environment (Morris & Winter, 1999). 
However, integrated agricultural systems are complex systems. Developing and 
analyzing them can be difficult. Based upon the literature review, agricultural 
research in the Texcoco region is quite variable probably because of the influence of 
agricultural institutions such as the International Maize and Wheat Improvement 
Centre (CIMMYT), the Postgraduate College and the Autonomous University of 
Chapingo. Nevertheless, no previous research about N dynamics and balance at 
farm scale was identified. Hence, there are gaps of information and knowledge for N 
flow in the core component of lASs are highlighted in Figure 2.6. A more sound 
understanding of N flow in the livestock components at farm scale is essential. 
Information output will allow evaluation of current management practices in lASs. 
Efficient manure management has been advocated as one of the main factors that 
limits opportunities to decrease N losses and improve N use efficiency at farm scale 
(Oenema, 2006). Current manure management practices in the Texcoco region, 
which use both old and fresh application (definition of old and fresh manure are given 
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in Chapter 3) are management practices that likely to lead to high N losses. These 
need to be analyzed and evaluated at the IAS scale. In addition, vermicomposting 
has been recommended as an effective manure management practice, and it could 
probably reduce N losses at farm scale. A detailed experimental phase was 
conducted to study N losses during vermicomposting in this project (see Chapter 4). 
In addition, data from the literature was used to estimate regression equations and 
quantify ammonia and nitrous oxide emissions during vermicomposting. 
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addressed in this research. 
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The literature review in this research showed that there is a wide range of data on N 
inputs and outputs in traditional cropping systems. A more detailed N flow, including 
typical management practices in the region, is evidently needed. Information on N 
losses and specifically the quantification of gaseous N is very variable. In this 
research, data from the literature was used to estimate N losses in the cropping 
systems in the Texcoco region. Finally, a predictive framework for N flows in the core 
components (livestock, manure management and cropping systems) was 
constructed. The detailed development of the predictive framework is given in 
Chapter 5. 
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CHAPTER 
Research context: key characteristics of integrated 
agricultural systems in the Texcoco region 
3.1 Introduction 
3 
Agricultural systems in the Texcoco region traditionally integrate livestock and crops. 
However, there are concerns because of the low productivity (Etchevers-Barra et al., 
2006) and the potential pollution of the ground water and the surrounding forest by N 
compounds derived from urban activities and agriculture (Fenn et al., 1999). 
Productivity of agricultural systems in Mexico and particularly in the Texcoco region 
has followed the conventional fundamentals of agro-systems such as: i) the law of 
crop yield, ii) the postulate of non-additivity of yield factors and iii) the economic 
character of farming supported by the Green Revolution (Turrent-Fernandez et al., 
2005). The N source in integrated agricultural systems is traditionally supplied by 
animal manure and mineral N fertilizers. Recently in addition to conventional manure 
management practices (relying on the use of fresh and old manure), agricultural 
producers have been encouraged to manage organic waste through 
vermicomposting in order to increase N use efficiency (Velasco-Velasco et al., 2004). 
However, the environmental impact of traditional agricultural practices in the Texcoco 
region has not been either assessed or analyzed at farm scale. Therefore the study 
of N dynamics, productivity and environmental performance at small-farm scale is a 
target research opportunity. 
In this chapter, the characterisation of surveyed farms information is analysed as part 
of objective 1 in this project. The collection and synthesis of this information is used 
for the development of the predictive framework for N flow (see Chapter 5) to assess 
N use efficiency and environmental performance of typical management practices in 
lASs (see Chapters 6 and 7). Core components of integrated agricultural systems in 
the Valley of Mexico are schematically represented in Figure 3.1. Manure 
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management is the link between livestock and the cropping system. According to 
Oenema (2006), manure management practices are the most important and possibly 
the simplest strategy to improve N use efficiency at farm scale. 
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Figure 3.1. Simplified N flows within core components of IAS considered in this 
research. (BNF-biological nitrogen fixation) 
3.1.1 Location of the study region in the Valley of Mexico 
The Texcoco region occupies 723 km2 which includes the municipalities of Texcoco, 
Papalotla, Tepetlauxtoc, Chiautla, Chiconcuac Tezoyuca and Atenco. The 
agricultural area in the municipality of Texcoco corresponds approximately to 10,000 
ha, representing 65% of the total agricultural area in the Texcoco region (Mucinio, 
2001 ). The Texcoco region is located in the North east of the Valley of Mexico at 
2250 m above sea level (19° 29'N and 98° 54'W) (Figure 3.2). The region is 
characterized by a tropical, summer-rain climate with a mean annual temperature of 
16 oc and mean annual precipitation of 650 mm, nearly 90% of which falls between 
May and October. Agricultural soils in the surroundings of the former Lake of 
Texcoco are formed from volcanic ash covered recently by colluvium and with a pH 
range from 7.5 to 9.5; the water table is near the surface (80-150 cm), and the 
groundwater is highly saline, with NaCI and Na2C03 being dominant (Beltran-
Hernandez et al., 1999). Soils in locations adjacent to the former lake are typically 
fine, mixed, thermic Cumulic Haplustolls, Fluvaquentic Endoaquolls and Petrocalcic 
Calciustolls (Sommer et al., 2007). 
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Figure 3.2. a) Location of the study region, and b) the !AS-prototype (2 ha) at the 
Colegio de Postgraduados in Montecillo. Core IAS components: 1) forage crop, 2) 
grassland, 3) vegetable beds, 4) orchard and 5) manure management by 
vermicomposting. Source: GoogleEarth (2009). 
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3.2 Key characteristics of surveyed integrated agricultural systems 
Smallholders (known as backyards) in the sub-urban area of Milpa Alta and 
Xochimilco have been described and characterized by Torres-Lima and Burns 
(2002). However, in the Texcoco region research has been focused on separate 
components and specific processes following the conventional method to improve 
productivity (Turrent-Fernandez et al., 2005), but rarely from a holistic perspective. In 
this research, key characteristics of an indicative sample of lASs are based on a 
reconnaissance survey of 15 farms conducted in the Texcoco region in November 
2007 (see Appendix A for an example questionnaire). The reconnaissance survey 
aimed to collect indicative qualitative and quantitative information about traditional 
agricultural management strategies and practices of N utilisation on smallholder. The 
specific objectives were to collect information about the most typical livestock types, 
stocking densities, crop sequences, manure management practices and ranges of N 
fertilizer application rates. 
3.2 .1 Reconnaissance survey method and design 
The reconnaissance survey for the information collecting process in lASs was 
conducted following personal field interviews logistics and expert observation as 
suggested by FAO (1997). This methodology involved personal visits to lASs 
selected randomly, and a design questionnaire was conducted. Due to research 
limitations, an exploratory questionnaire was designed as a guide with open-ended 
questions (Roy et al., 2003). Integrated agricultural systems were randomly selected 
from a Colegio de Postgraduados data base, which includes agricultural systems 
from most communities within the Texcoco region. Most of which were already 
involved in research and development projects led by the 'Colegio de 
Postgraduados'. The location of selected lASs is shown in Figure 3.3. Collected 
information was analyzed in a descriptive manner and summarized in Table 3.1. Data 
was not analyzed statistically because of the reduced number of surveyed farms and 
because the main goal of the survey was to collect indicative qualitative and 
quantitative information. 
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Figure 3.3. Location of the surveyed integrated agricultural systems {A-0) in the Texcoco region. Source: GoogleEarth {2009). 
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Data from the reconnaissance survey was used to characterize the boundaries of 
typical lASs and to define the management strategies and practices to be considered 
in the development of the predictive framework for N flow (see Chapter 5). In 
addition, the range limits for the scenario evaluation in terms of N management 
practices were defined using the analysis of the collected information from this 
reconnaissance survey. 
3.2.2 Synthesis of surveyed information 
The size of lASs in the Texcoco region is variable; for example according to the 
collected information, seven agricultural producers had farms from 0.5 - 2.0 ha, 
seven from 2.5 - 8 ha and one had a 20 ha farm (see, Table 3.1 ). The information 
collected in this research coincided with data quoted by Madrid-Cordero (2009), who 
showed that smallholders (<5 ha) represent 73% of farming systems, and 22 and 5% 
corresponding to medium scale (5 - 20 ha) and large scale farms (>20 ha) 
respectively. In this respect, agricultural systems in the Texcoco region, in addition to 
the wide variation in farm sizes, also vary in terms of manure management, livestock 
type and stocking density (Table 3.1 ). Smallholders in the Texcoco region tend to 
integrate livestock and crops; however, differences in management strategies and 
practices in the farming systems were detected. For instance, animal manure is 
either applied to agricultural land within the IAS or exported. This activity could likely 
decrease soil fertility in a long time period and consequently impact on its productivity 
performance. Another particular characteristic of smallholder farms was their 
employment in urban jobs to support family income; this is as a common pattern of 
smallholder farms in the Valley of Mexico. In 1995, from a survey developed in Milpa 
Alia and Xochimilco, only 32% and 33% of agricultural producers were dedicated 
exclusively to agricultural activities, respectively; while 68% and 67% combined both 
urban and agricultural activities (Torres-Lima & Burns, 2002). 
3.2.3 Cropping system characteristics 
As observed in Table 3.1, the predominant cultivated crops in this region are corn 
maize followed by forage maize, forage oat, alfalfa and vegetables. This information 
agrees with that collected by Mucinio (2001) which reported 4900 ha cultivated with 
maize, corresponding to 50% of the total harvested crops in the municipality of 
Texcoco. 
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Table 3.1. Key characteristics of fifteen surveyed integrated agricultural systems (A-0) in the Texcoco region 
Characteristics Farms 
A B c D E F G H I J K L M N 0 
Size (ha) 8.0 4.0 8.0 2.0 3.0 8.0 2.0 4.0 4.0 1.7 1.0 0.5 0.5 0.5 20.0 
Average rainfall (mm a-') 640 640 640 645 645 645 635 635 635 635 635 635 640 640 640 
Livestock(Number of animals) 
Dairy cows 9 7 14 30 8 10 14 2 4 2 3 8 
Beef 10 15 5 
Pig 130 30 6 
Sheep-goat 10 
Type of system" lnt S-lnt S-lnt lnt S-lnt S-lnt S-lnt S-lnt E S-lnt S-lnt E E E lnt 
Crops (ha) I 
Maize-corn. 4 4 1 0.5 1.7 1 
Beans 0.5 2 
Maize-foraqe 0.5 3 1 2 0.5 
Alfalfa 4 0.5 3 1 0.5 
Oat 8 2 2 0.5 
Vegetables' 2 2 20 
Management practices of N sources 
Fertilizer (kq N ha·')~ 14 138 26 23 46 92 120 
Manure(kq N ha-') 24 23 15 225 81 180 126 18 54 
Field manure storaqe (weeks) 156 52 4 26 0 0 25 25 52 0 25 52 52 52 
Stable manure storaqe (weeks) 1 1 16 4 52 I 1 
Incorporation time (d) 1 1 0 0 0 1 0 1 1 0 IO 
Fertilizer application method 1 1 1 2 1 1 1 1 1 1 1 1 2 
.. 
" lntens1ve (lnt) an1mals are feed w1th1n the corral, sem1-1ntens1ve (S-Int) an1mals are mostly feed w1th1n the corral, extens1ve (E) an1mals are feed mostly 
outside the corral through grazing. 
• Lettuce, broccoli, onion, spinach, courgette and coriander. 
~Most common mineral fertilizers: calcium and potassium nitrate, urea (46%), calcium nitrate, super-phosphate, ammonium sulphate. 
JLFertilization method: 1 =spread, 2 =targeted. 
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This region is characterized by two seasons of cultivation: Spring-Summer which is 
the most important because of the rainy period (June-September) and irrigated 
agriculture in autumn-winter. Nitrogen supply for crops is through manure and 
mineral N fertilizer. Manure application rates to corn maize and alfalfa ranged from 5 
to 180 Mg ha-1 (equivalent to approximately 40 - 600 kg N ha-1 a·1). The use of 
manure in the Texcoco region is low when compared to other regions of Mexico e.g. 
"La laguna" region in Northern Mexico, where application rates range from 200 - 300 
Mg ha-1 a·1 (Salazar-Sosa et al., 2004). Mineral fertilizers most commonly used in the 
Texcoco region are urea, calcium nitrate and super-phosphate. Fertilizer application 
rates ranged from 10 - 140 kg ha-1, and one agricultural producer mixed manure and 
mineral fertilizer. 
3.2.4 Characteristics of livestock and stocking density 
Dairy cows are the most dominant livestock type. They are normally held in corrals, 
with variable stocking density ranging from 1 - 10 LU ha-1. Pigs were the second type 
of livestock in terms of the number of LU ha-1 (Table 3.1 ). In the municipality of 
Texcoco, 18000 head of dairy and beef cattle, 15400 pigs, 4000 and 2800 for sheep 
and goats have been reported (Mucinio, 2001 ). Typically, agricultural producers in 
this region simultaneously manage two or more species. For practical purposes in 
this research, dairy cow/beef cattle and sheep/goats were considered together for the 
development of the predictive framework for N flows (see Chapter 5). 
3.2.5 Manure management practices 
Applying both old and fresh manure to agricultural land as the most typical manure 
management practice observed in the Texcoco region. Old manure is defined in this 
research as that which is stored six months or more before being applied to 
agricultural land, whereas fresh manure is defined as manure stored for less than six 
months, usually one month (usually within or next to the corral). According to the 
collected data by the reconnaissance survey, 10 agricultural producers store manure 
on the agricultural land from 6 - 12 months before land application. One agricultural 
producer keeps manure for 6-12 months and four farmers store it from 0.25 - 4 
months in the stable. Hence, applying old manure is the most typical manure 
management practice in the study region. Another management practice was the 
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manure application method being dependent on the type of crop. Most producers 
(11) apply and incorporate manure mechanically during the same spreading day. 
Four smallholders incorporated manure after 30 days and three producers exported 
all manure from their farms. 
Manure management is a key element in terms of N use efficiency at farm scale, and 
improving N management requires specific on-farm analysis. As noted by Oenema 
(2006), the study of the complete farming production system is essential to increase 
productivity and reduce environmental impact from agricultural practices. For 
temperate climates, regulations on manure management began to be enforced 
partially in nitrate vulnerable zones (NVZ) since the 1990s. For example, Codes of 
Good Agricultural Practices have been published by the Ministry of Agriculture, 
Fisheries and Food (MAFF now the Department of Environment, Food and Rural 
Affairs DEFRA) in the UK. These are designed to encourage farmers to manage 
manure more effectively (Merrington et al., 2002). In Mexico, regulations from the 
United States Environmental Protection Agency (EPA) have been adopted and 
followed in commercial agriculture; however, manure management practices are not 
regulated at farm level. 
3.3 Integrated agricultural system prototype: key characteristics 
3.3.1 Structure and components 
The integrated agricultural system prototype (2 ha) established in 1999 at the 
"Colegio de Postgraduados" was designed for a family self-employment IAS system-
enterprise, and parameterized according to the average smallholdings and 
characteristics of agricultural systems in the Texcoco region (Figueroa-Sandoval, 
2003). The structure of the IAS prototype is based upon the systemic concept with 
core components such as livestock (sheep and goats), manure management by 
vermicomposting and the cropping system (Giiessman, 1997). Furthermore, optional 
components have been implemented to reduce economic risk through diversified 
marketing opportunities and ensure family income at farm scale. Hence, core and 
optional components (Figure 3.4) have been developed as demonstration and 
training facilities for local and regional agricultural producers. Core components 
interact in space and time, leading to a synergistic resource transfer as suggested by 
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Hendrickson et al. (2008). The IAS prototype aims to provide self-sufficiency for the 
family and a more efficient resource utilization by the diversification of productive 
activities and the implementation of sustainable management practices. Nitrogen 
cycling in the IAS prototype is based in part on the vermicomposting process where 
cycling organic residues generated within the farm is essential for the maintenance of 
soil fertility. 
Figure 3.4. Core (square pictures) and optional (circular pictures) components of the 
IAS prototype at the Colegio de Postgraduados in Montecillo, Texcoco. 
Vermicompost is applied to crops within the IAS prototype. However, there is a 
potential for its commercialization (off farm) due to its high demand in the organic 
production systems. General characteristics of the IAS prototype are summarized in 
the Table 3.2. The core components were considered for the development of the 
predictive framework for N flow (Chapter 5). 
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3.3.2 Soil sampling and nitrogen budgets in the IAS cropping system 
The land use prior to 1999 was uncultivated soil due to its saline or saline-sodic 
condition (Beltran-Hernandez et al., 1999). The IAS prototype is located in the area 
corresponding to the limits of the ancient lake of Texcoco (see Figure 3.2a) which 
was created when the lake of Texcoco was artificially drained. Total N, bulk density 
and soil texture were analyzed to characterize key soil properties and to estimate N 
budgets. Soil from the orchard (1 00 m2), vegetable production (200 m2) and 
grassland (1.5 ha} were sampled following conventional methods for assessing soil 
fertility (Hodgson, 1 978). Samples were taken at four depths: 0-15, 15-30, 30-45 and 
45-60 cm with five replicates for all components. The small orchard composed of 
apricot (Prunus armeniaca) is currently developing under specific management 
practices. For example, soil is covered with approximately 2 kg m·2 of mulch (wheat 
straw, maize stover, legume residues) which presumably affects N cycling. In this 
case, soil samples were taken randomly, from approximately 2 m from the base of 
the tree. 
Table 3.2. Core and optional components in the integrated agricultural system 
prototype. 
Core components 
Livestock 
Cropping system 
Vermicomposting 
Optional components 
Livestock and poultry 
Rain water catchments 
Mushroom production 
Residual water management 
Green hydroponic forage 
Feature 
Milking goats and sheep (4.4 LU ha.') 
Grassland (irrigated alfalfa and grass association) 
Irrigated vegetables (lettuce, onion, coriander) 
Hedges (cacti}, orchard (apricot}, shade trees 
(Schenus molle, Salix babylonica, Eucalyptus 
camaldulensis) 
Organic residues and manure management method 
Rabbits, hens, turkeys 
Aquaculture (edible and ornamental fish) 
Improve resource utilization (straw) 
Anaerobic digestion 
High protein supply to livestock 
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The mulch was removed and the soil from the first 15 cm was taken and mixed in a 
plastic container. A sample of approximately 1 kg of soil was placed in a labelled 
plastic bag and transported to the soil laboratory at the Colegio de Postgraduados for 
analysis. The vegetable production component (200 m2) has been developed by the 
bio-intensive method proposed by Jeavons {1995) which consist of a more efficient 
use of small pieces of land by an intensive nutrient input (called bio-intensive 
method). Vermicompost rates from 5 - 10 kg m2 a·1 (approximately 300 - 600 kg N 
ha·1 a·1) are applied. Soil samples were taken from both vegetable bed and paths 
because of their different management. Samples of approximately 1 kg were taken at 
four depths: 0-15, 15-30, 30-45 and 45-60 cm, with five replicates at each depth in all 
components. Sampling sites in the grassland area were selected randomly. Due to 
tree rows located every 10 m, and their possible effect on the N distribution. Soil 
sampling was taken at 1.0, 2.5 and 5.0 m from the tree line. Additionally, substrate 
under vermicomposting was sampled and analyzed. Data from chemical and physical 
analysis corresponding to N budgets in the IAS prototype was analyzed by ANOVA 
using MINITAB statistical software (V. 15, Coventry UK). 
Table 3.3. Methods used for chemical and physical analysis of soil. 
Analysis Method Source 
Total nitrogen Kjeldahl digestion Rowell ( 1994) 
Organic matter Dichromate digestion Walkley (1947) 
Bulk density Paraffin Slake and Hartge (1986) 
Textural class Hydrometer Bouyoucos (1951) 
3.3.3 Total nitrogen budgets in the cropping system 
Total N showed significant differences (P < 0.05) in the surface soil layer from 0- 15 
cm. The orchard component showed the highest value (1.7 g N kg) compared to 0.8 
and 0.9 g N kg-1 for grassland and vegetable beds respectively (Figure 3.5). This 
effect is probably because of the mulch application in the orchard component, 
affecting topsoil physical conditions such as temperature, evaporation and water 
infiltration (Parkinson et al., 1996; Cook et al., 2006). In addition, decomposition of 
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the mulch results in an accumulation of organic matter and hence of organic nitrogen. 
Total N estimated in depths of 15 to 30, 30 to 45 and 45 to 60 cm did not show 
significant differences among components ranging from 0.3 - 0.6 g N kg·1. Nitrogen 
budgets in the arable layer of soil from the core components showed in Figure 3.6 
confirmed the importance of adding organic matter either by crop residues or 
vermicompost. Management strategies applied in the orchard component has 
impacted positively on the amount of TN accumulated in soil, assuming that N 
budgets in soils of this area prior to IAS prototype implementation were uniform. 
Nitrogen budgets in the IAS prototype are similar to those values typically reported 
for agricultural soils. For instance, quantities of N raging from 0.02 - 0.5% 
(approximately 0.4- 10 Mg N ha.1) are given by Brady and Weil (2002) for the arable 
layer (first 15 cm). Whereas, in the Texcoco region 14.4 and 12.4 Mg ha-1 of organic 
N (soil depth 0 - 120 cm) has been estimated in an organic and conventional 
agricultural field respectively (Cristobai-Acevedo et al., 2007). 
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components in the IAS prototype (n = 5). 
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3.3.4 Organic carbon budgets 
According to the analysis of variance OC content showed significant difference (P < 
0.05) between depths (0-15, 15-30, 30-45 and 45-60 cm) in the core components in 
the IAS prototype. In general, these results were consistent with those OC contents 
typically found in agricultural soils due to the annual incorporation of organic matter 
(manure and crop residues) in the arable layer (Brady & Weil , 2002). Greater 
amounts of OC were observed in the upper 15 cm than in the following depths (15-
30 and 30 - 45 cm) in the core components of the IAS prototype (Figure 3. 7). 
However, from 45 - 60 cm similar amounts of OC than from 0 - 15 cm were 
observed. This is probably because of the particular soil formation process in this 
region ; as it has been suggested by Diaz (1989), that the sed iments in the former 
lake of Texcoco may consist of organic material. Notice that the land where the IAS 
prototype is located was reclaimed from the sa line soils of the ancient lake of 
Texcoco; hence, agricultural activities have been developed in that particular area 
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since 1999 and the predominance of high pH (8 - 9) is an important limitation for 
cropping systems. 
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Figure 3.7. Organic carbon content in the soil profile (0 - 60 cm) of the core 
components in the IAS prototype. 
Organic carbon content in the first 15 cm (arable layer) of the different components in 
the IAS prototype showed significant differences (P < 0.05). The orchard component 
was statistically different to the rest of the components (39 Mg C ha·\ No significant 
difference was observed between grassland, vegetable bed and path (Figure 3.8). 
This could be explained by the fact that greater amounts of organic crop residues are 
applied as mulch in the upper layer of the orchard component; enhanced organic 
matter is accumulated and in continuous decomposition process. In this respect, 
White (2006) quoted turnovers times from 16- 20 years to annual C inputs (5 - 6% of 
the soils OC) for old arable soils at Rothamsted in Southern England have been 
estimated. Organic carbon in vegetable beds had slightly more OC than paths 
(uncultivated space between vegetable beds). lt is attributed to the application of 
vermicompost (5 - 10 kg m2) to supply vegetable nutrient demands. The 
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accumulation of organic matter in the upper layer cou ld result in higher amounts of 
organic carbon in the first 15 cm (Figure 3.8). However, the effect of the particular 
type of management for each component was observed. 
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Figure 3.8. Organic carbon concentration in the topsoil (0 - 15 cm) for the core 
components in the IAS prototype. Vertical Bars indicate the standard error of the 
mean (P::; 0.05). 
3.3.5 Description of soil physical properties 
The textural class was estimated as clay loam with simi lar percentages of sand, silt 
and clay between components (Table 3.4). Regarding bulk density, there was no 
significant difference between components; the highest value (1.37 g cm-3) was in the 
vegetable path; where soil is generally not cultivated . In general, soils with high 
proportion of pore space to solids have lower bulk densities than those that are more 
compact and have less pore space. Therefore, management practices such as crop 
sequence, manure application, intensity of tillage, among others, could affect bulk 
density. Bulk densities in agricultural soils typically range from 0.9- 1.5 g cm-3; while 
in the Valley of Mexico ranges from 1.2 - 1.4 g cm-1 have been observed (Brady & 
Weil , 2002; Gutierrez-Castorena et al., 2005). 
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The alkaline soil pH plays an essential role on the productivity and environmental 
performance in the IAS prototype. An increasing gradient of pH has been observed in 
the proximity to the former Lake of Texcoco, where the IAS prototype is located a 
condition that gives specific characteristics to agricultural soils and makes the study 
of N dynamics more complex (Beltran-Hernandez et al., 1 999). 
Table 3.4. Physical characteristics of soils in the core components of the integrated 
agricultural systems prototype. 
Component/ Grassland Orchard Vegetable- Vegetable- p 
Variable bed path 
Mean so Mean so Mean so Mean so 
pH 8.23 0.32 7.74 0.44 7.92 0.17 8.29 0.44 0.000 
Sand(%) 26.90 10.69 25.91 6.11 29.30 5.49 32.23 4.47 0.598 
Silt(%) 35.49 4.53 36.84 2.44 32.87 5.12 36.87 4.66 0.448 
Clay(%) 37.60 7.16 37.24 4.24 37.81 3.82 30.88 3.64 0.163 
Bulk density (g cm.3 ) 1.29 0.19 1.28 0.16 1.30 0.13 1.37 0.19 0.382 
Texture Clay loam Clay loam Clay loam Clay loam 
Drainage Poor Poor Poor Poor 
A soil profile in the IAS prototype is shown in Figure 3.9. Three main layers are 
observed, from 0-30 cm (arable layer), 30-60 cm (volcanic ash) and 60-160 cm 
(jaboncillo/like soap). One particular characteristic of the soils in this region is the 
presence of a volcanic ash layer which appears at different depths within the valley, 
and in the IAS prototype it is commonly found at 45 - 60 cm. Another particularity is 
the presence of jaboncillo which translates to "like soap" which according to 
Gutierrez-Castorena et al. (2005), consists of amorphous silica, smectites, 
cristobalite and kaolinite. This amorphous material gives a very large water retention 
capacity (2.4- 5.0 kg kg·\ The water table is near the surface (80-150 cm), and 
NaCI and Na2C03 emerge due to the high evaporation during the dry season. 
Consequently, greater amounts of manure are applied to buffer pH and incorporate 
these soil types into agricultural activities. 
47 
ern 
30 c m 
60 c m 
160 cm 
Figure 3.9. Typical soil profile in the IAS prototype given by Gutierrez-Castorena et 
al. (2005). 
3.4 Preliminary estimations of nitrogen flows and balance for the 
integrated agricultural system prototype 
Nitrogen inputs and outputs were quantified using a variety of sources such as 
general data from the literature review, specific data from the IAS prototype and 
collected information in this research. General characteristics shown in Table 3.5 
were selected based upon the IAS prototype. Hence, the preliminary N balance 
presented in this section was calculated as a preliminary approach which helped to 
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highlight gaps of knowledge and information for the development of the predictive 
framework in Chapter 5. 
Table 3.5. Characteristics of agricultural systems in the Valley of Mexico and in the 
IAS prototype. 
Characteristics 
Total land area (ha) 
Holdings of land 
Water supply: rain-fed: irrigated 
Orchard (number of fruit trees) 
Grassland (legume/grass) (ha) 
Goats (number of animals) 
Sheep (number of animals) 
Cows (number of animals) 
Maize (lea mays L.) (Mg ha-1) 
Alfalfa (cut forage) (Mg ha·1 DM) 
Lettuce (Mg ha.1) 
Squash (Mg ha-1) 
Broccoli (Mg ha-1) 
Onions (Mg ha-1) 
Total land for vegetables (m2) 
Typical attribute 
values in the 
region 
1-8 
1-2 
1:1 
0-20 
<1 
15 
15 
5 
6* 
20* 
36* 
26* 
28* 
20* 
Selected attribute 
values in the IAS 
prototype 
2 
1 
1:3 
20 
1.5 
50 
3 
11 ** 
Amounts presented in this table are calculated per annum. T Data obtained in the 
!AS-prototype under the bio-intensive method. *Source: (SAGARPA, 2005). ** 
(Camacho-Garcfa & Garcfa-Muniz, 2003). In the !AS-prototype 0.1 ha is cultivated 
with maize, 0.4 ha with alfalfa and only 100 m2 is dedicated to vegetables production. 
3.4.1 Estimating N flow and balance 
Nitrogen deposition in rainfall in the Central Valley of Mexico varies widely, from 3 -
35 kg N ha-1 y(1 depending on the location, precipitation and industrial activities from 
Mexico City (Fenn et al., 1999; Cristobai-Acevedo et al., 2007), Nitrogen input from 
irrigation water ranges from 2 to 38 kg N ha·\ depending on the amount of water 
applied and its N concentration (Edmunds et al., 2002). These variations in N 
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deposition depend mainly on particular characteristics of the sites where research 
was conducted. Potential N inputs by biological fixation range from 35- 335 kg N ha-
1 yr'1 (Wheeler et al., 1 997; Russelle & Birr, 2004). Data on N inputs and outputs 
presented in Table 3.6 were defined based upon literature review from research 
previously developed in the Texcoco region (Beltran-Hernandez et al., 1 999; Fenn et 
al., 1 999; Perez-Oivera et al., 2000; Torres-Lima & Burns, 2002; Velasco-Saldafia, 
2002; Camacho-Garcia & Garcia-Mufiiz, 2003; Velasco-Velasco et al., 2004). 
The general N balance presented in Table 3.6 showed that of the total N inputs of 
246 kg N in the IAS prototype, 74% comes from N through concentrates and straw 
feed (56 and 18%, respectively); while 14% (35 kg N) is attributed to biological 
fixation, and the remainder ( 12% of N input) corresponds to rainfall and irrigation 
water (14 and 15 kg N, respectively). Similar percentage values were calculated in 
the whole-farm nitrogen balance on commercial dairies in Utah and Idaho USA using 
the University of Maryland Nutrient Balancer (Spears et al., 2003). Considerable N 
losses and inefficient N management are apparent according to the nitrogen balance 
in the IAS prototype. Of the estimated N output, 65% correspond to milk and meat 
products (1 02 and 18 kg N, respectively), 23% is lost by ammonia volatilization, 4% 
is output through vegetables and fruit, and 8% is lost by leaching and erosion. 
Assessments were made of the reliability of the data in Table 3.6 on the likelihood of 
the data source, to be both correct and representative of the agricultural systems 
they describe. 
Data from chemical analysis and experiments carried out within the valley of Mexico, 
is rated as highly reliable, but mean values computed from research conducted in a 
different regions in Mexico, are medium, while low reliability was associated with 
mean values from literature data linked to different systems (Moran et al., 2008). 
Ammonia emission during vermicomposting will be quantified during this research 
(see Chapter 4); in addition to the development of the predictive framework to 
evaluate the productivity and environmental performance of lASs in the Texcoco 
region (Chapters 5, 6 and 7). 
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Table 3.6. Preliminary nitrogen flows and balance (kg N ha-1 a·1) in the IAS prototype 
in the Valley of Mexico. 
Input & output variables 
Input 
Rainfall water 
Irrigation water 
Biological fixation 
Concentrated feed 
Straw feed 
Output 
Vegetable and fruit 
Milk and meat 
NH3 loss during vermicomposting 
NH3 loss manure application to soil 
Runoff and erosion 
Leaching 
Reliability 
** 
*** 
** 
*** 
*** 
*** 
*** 
current 
research 
** 
*** 
** 
IAS prototype 
kg N ha-1 a·1 
262 
30 
15 
35 
137 
45 
159 
7 
120 
? 
17 
2 
13 
Balance 103 
Reliability: (*)=low;(**)= medium;(*** data from the !AS-prototype)= high 
3.4.1.1 Nitrogen emission and leaching 
The IAS prototype has particular characteristics which make it more vulnerable to 
gaseous nitrogen losses. For example, the predominance of alkaline soils and the 
fact that goat manure has a pH of approximately 8.2 are important factors that 
enhance NH3 losses either by composting or when surface applied to grassland. 
Consequently, an estimate of 12% of N losses from the total N applied through 
compost and vermicompost is volatilized as NH3 (Vivanco-Estrada et al., 2001; 
Estrada-Botello et al., 2002). Hence, N losses through gas emission were considered 
to be approximately 17 kg N ha-1 from agricultural land (grassland, cut forage and 
vegetable production). Leaching of inorganic N is affected by climate, soil type, geo-
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hydrological conditions, crop species, timing and rate of fertilizer inputs (McNeill et 
al., 2005). Amounts of nitrogen lost by leaching in the Mezquital Valley (located in the 
Mexican State of Hidalgo) have been observed to be around 9% of the total nitrogen 
input either through organic or inorganic fertilization (Vivanco-Estrada et al., 2001 ). 
Research conducted in arable systems in the North-Western region of Mexico, gives 
estimates of N leaching to be ranging from 14-26% of the N applied as a mineral 
fertilizer in wheat under irrigation regime (Riley et al., 2001 ). Hence, it is reasonable 
to consider N leaching around 9% in terms of the total nitrogen applied to the land; 
hence, on average 13 kg N ha·1 y(1 were estimated to be lost from the IAS prototype. 
3.5 Selected key management practices for further analysis in this 
research 
The information analyzed in this chapter is used for the development of the predictive 
framework for N flow (Chapter 5). Defined characteristics corresponding to livestock 
type and stocking density, manure management and cropping sequences typically 
found in the Texcoco region are summarized in Table 3. 7. Due to the range of sizes 
in lASs and for practical purposes, calculations in the predictive framework for N flow 
were defined to be performed on a per hectare basis. 
Manure management and land application by smallholders was identified to be more 
homogeneously consistent when applying "old manure" (manure stored from 6-12 
months). Application of fresh manure to cropping systems was rarely observed. 
However. both practices fresh and old manure application were considered in the 
development of the predictive framework for N flow, in addition to applying 
vermicompost to crops. Soil chemical and physical properties for the IAS prototype 
and agricultural systems in the study region were used for further analysis in this 
research. Due to the particular interest on NH3 emission during vermicomposting, an 
experimental phase was carried out, and is presented in the following chapter. 
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Table 3.7. Selected key characteristics of integrated agricultural systems to be 
evaluated with the development of the predictive framework for N flow in Chapter 5. 
Core component Texcoco region IAS prototype 
Livestock type Dairy cow/beef cattle Sheep goats 
Sheep/goats 
Fattening pigs 
Stocking density (LU ha-1)¥ 1-10 
Manure management 
Cropping sequences 
Old manure 
Fresh manure 
Corn maize/forage oats 
Corn maize/vegetables 
Forage maize/forage oats 
Corn maize/forage maize 
Alfalfa 
5 
Vermicomposting 
Grassland 
Alfalfa 
Fertilizer (kg N ha·1 a·1) 0- 140 0- 140 
Livestock unit in the study region is equal to 450 kg of live weight (LU). 
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CHAPTER 
Ammonia emissions during vermicomposting of sheep 
manure 
4.1 Introduction 
4 
lt is essential to study and quantify NH3 emission during vermicomposting because it 
represents the dominant pathway loss, at approximately 98% of the gaseous N lost, 
while the other 2% corresponds to N20 and N2 during pre-composting (Tam & Tiquia. 
1999; 2001 ). However, no data is available in the literature for gaseous losses during 
vermicomposting. In this research the term vermicomposting refers to a combined 
process composed of two phases: pre-composting and vermicomposting itself. This 
chapter addresses the second objective of the research, namely the quantification of 
N losses by NH3 volatilization and includes a brief review of the methods commonly 
used to measure NH3 emission during both phases pre-composting and 
vermicomposting. 
4.1.1 Definition of pre-composting (thermophilic composting) and vermicomposting 
Traditionally, vermicomposting is a process in which the organic material (manure, 
green waste, kitchen waste, etc.) is fragmented by earthworms into much finer 
particles by passing them through a grinding gizzard, an organ possessed by all 
earthworms, although only certain species such as Eisenia fetida, Eisenia andrei and 
Dendrobaena veneta can consume organic material very rapidly {Edwards & Bater, 
1992). This process is naturally developed by earthworms; however, Edwards and 
Bater, (1992) noted that controlling factors such as temperature, pH, C:N ratio and 
water content need to lie within recommended ranges (Table 4.1 ), in order that the 
efficiency of the process in terms of decomposition rate and quality of the 
vermicompost can be optimized. Thermophilic composting is a process of creating 
humus-like organic materials by mixing, piling or storing materials under conditions 
conducive to aerobic decomposition and nutrient conservation (Brady & Weil, 2002). 
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Composting in general is defined as a process that transfers energy-rich and 
complex organic substances into a stabilized humus-like product (Suthar, 2006). 
Table 4.1. Differences and similarities between recommended ranges for optimum 
activity for thermophilic composting and vermicomposting 
Recommended ranges for optimum activity 
Characteristic Thermophilic composting Vermicomposting 
pH 6.5-8.0 5.5-8.0 
Water content(%) 50-65 
C:N ratio 20- 30:1 
70-80 
20- 30:1 
20-30 Temperature CC) 45- 80 
Source: (Edwards & Bat er, 1992; Rynk et al., 1992). 
In the thermophilic composting process the material needs to be turned regularly or 
aerated in some way in order to maintain aerobic conditions. This activity often 
involves heavy and expensive equipment to turn the large amounts of organic 
material. Conversely, earthworms can only survive under aerobic conditions; hence 
they turn over the substrate, and consequently this reduces the need for expensive 
equipment if both pre-composting and vermicomposting are well synchronized. In 
spite of this advantage, the major disadvantage of the vermicomposting process is 
that, in contrast to traditional thermophilic composting where bacteria can raise the 
material temperature to more than 60 oc. the vermicomposting process must be 
maintained at temperature below 35 oc (Ndegwa & Thompson, 2001 ). The 
temperatures achieved in the vermicomposting process are therefore not enough to 
sanitise the organic material and therefore vermicompost does not pass some 
pathogen guidelines (i.e. The US Environmental Protection Agency (EPA) guidelines 
that are generally followed in Mexico). These regulations require that during 
composting the material should reach temperatures of a) 40 oc for at least five 
consecutive days and 55 oc for at least three consecutive days or alternatively b) 
temperatures of 55 oc for at least three consecutive days in the coolest part of 
compost undergoing aeration (Hay, 1996; Russell & Lee, 1996). 
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A combination of both thermophilic composting (pre-composting)/vermicomposting 
has been suggested by Frederickson et al. (1997) as an effective strategy to tackle 
substrate sanitation and stabilisation. Maximum efficiency during vermicomposting 
can be ensured by keeping pre-composting to a minimum period of time consistent 
only with the effective sanitisation of the waste. Both possibilities, pre-composting 
followed by vermicomposting and vermicomposting followed by pre-composting were 
evaluated by Ndegwa and Thompson (2001) in terms of sanitisation in which it was 
confirmed that pre-composting/vermicomposting destroyed all pathogens compared 
to vermicomposting/pre-composting accomplishing the Environment Protection 
Agency guidelines. In this research vermicomposting is defined as a continuum 
process of both pre-composting and vermicomposting. In further chapters in this 
thesis pre-composting is also called Phase I and vermicomposting following 
inoculation with worms referred as Phase 11. 
4.1.2 Gaseous nitrogen losses 
In subtropical countries such as Mexico, vermicomposting has been found to be a 
useful technique for organic waste management and nutrient cycling (Beltran-
Hernandez et al., 1999; De Leon-Gonzalez et al., 2000); in fact, many agricultural 
producers implement this method to facilitate efficient manure management and 
improve nutrient cycling (Vigueros & Camperos, 2002; Contreras-Ramos et al., 
2004). Not only is the end product (vermicompost) utilized by returning it to land, but 
also worms are an important source of protein to feed fish and poultry (Santamaria-
Romero et al., 2001 a; Velasco-Velasco et al., 2004 ). Vermicomposting is gaining 
importance as a method to manage organic wastes and improve the quality and 
stability of the final product. Due to its fine size grades, friability, granular structure, 
easy of handling and nutrient supply, it can be used either as substrate for potting 
and germination beds or applied directly to crops in the field (Capistran et al., 2001; 
Hashemimajd et al., 2004). Composting is characterized by a thermophilic phase(> 
45°C) which sanitise and stabilize the organic material. Vermicomposting can help 
and improve stabilization, fine granular texture and availability of nutrients in the 
product (Tognetti et al., 2005). The combination of both composting and 
vermicomposting can improve and maximize stabilization and sanitation of organic 
materials. However, to ensure this, pre-composting should be kept to the minimum 
time consistent with effective sanitisation of the waste (Frederickson et al., 1997). In 
56 
practical terms and under field conditions this means careful conditions of C:N ratio 
between 20- 25:1, by mixing material homogeneously, control of composting pile 
dimensions and water content. 
In terms of N dynamics during vermicomposting, there are still uncertainties 
regarding gaseous N losses. lt is well known that composting may affect directly N 
transformations such as N mineralization, NH3 volatilization, nitrification and 
denitrification, and indirectly the N content in the final product and its usefulness as 
organic fertilizer (Dewes, 1995; Dewes, 1999; Balsari et al., 2004; Liang et al., 2006; 
De Guardia et al., 2008). Previous researchers have reported a range of variation for 
N losses and NH3 emission. For example, Szant6 et al., (2007) reported total N 
losses ranging 4-60% and 3-75% of initial NH3 due to NH3 emissions. There is 
insufficient knowledge on NH3 dynamics in order to improve emission control and 
efficient use of N within lASs based on vermicompost as N cycling method. 
Therefore, this experiment, corresponding to the second objective of the research, 
was designed to evaluate the dynamics of NHJ emissions in terms of the total N of 
manure during vermicomposting. Detailed justification of experimental treatments 
including the choice of manure is given in the next section. 
4.2 Experimental rationale 
The key factors that control NHJ emission during composting are: ammoniacal N 
(NH3 and NH/ in solution) concentration, pH, temperature, moisture content, 
aeration rate and C: N ratio (Martins & Dewes, 1992; Tiquia & Tam, 2000; Van der 
Stelt et al., 2007). The equilibrium NHJ<->NH/ in the composting pile is influenced by 
pH and temperature (Szant6 et al., 2007); previous research under laboratory stated 
that additives and pH buffering during composting could be used to minimize NHJ 
emissions {Tam & Tiquia, 1999; Tiquia et al., 2002; Kuroda et al., 2004; Liang et al., 
2004 ); however, in practical field conditions it is difficult to regulate pH (Liang et al., 
2006), and mixing several materials with different pH is likely one of the best 
practices in order to maintain pH between a recommendable range (5.5 - 9.0) for 
optimum composting. Temperature affects ammonia emissions directly (Beck-Friis et 
al., 2001; Pagans et al., 2006); however, an elevated temperature (> 45°C) is 
essential in order to effectively sanitise the material. The effect of management 
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practices such as addition of straw, aeration and moisture under field conditions must 
be considered in order to maintain the thermophilic phase as short as possible and 
promote the colonisation of the material by worms. 
In relation to aeration rate it is well established that at higher aeration rates greater 
amounts of N are lost by NH3 emissions (Parkinson et al., 2004; Pagans et al., 2006; 
Szant6 et al., 2007). The relation C:N plays a key role in reducing NH3 losses. lt is 
generally assumed that microorganisms require 15 - 30 parts of C for each part of N, 
an optimum C:N ratio ranging between 15 and 30 has been recommended for rapid 
composting (De Guardia et al., 2008). Narrower C:N ratios have been shown to lead 
to excess available Nand higher N losses as NH3 emission (Sommer & Dahl, 1999; 
Tiquia & Tam, 2000; Pagans et al., 2006). Therefore, the addition of carbonaceous 
materials to increase the C:N ratio has been proposed to fix nitrogen in substrates as 
manures. 
The NH3 pool in a manure composting process is controlled on the one hand by the 
mineralization of the N in the organic matter and by the available NH3 initially present 
(i.e urine). Ammonia may be depleted by incorporation into microbial biomass or 
conversion to N2 and/or N20 through nitrification-denitrification. Ammonia may also 
be lost to the environment through volatilisation. On the other hand microbial 
decomposition processes provide new organic N for mineralization to NH3 (Szant6 et 
al., 2007). Analysing the relationships between these processes and main pre-
composting and vermicomposting parameters such as C:N ratio, water content and 
temperature is likely to provide a better understanding on NH3 dynamics. Hence the 
experiment described below was designed to evaluate the effect of such factors (C:N 
ratio, water content and temperature) on NH3 emissions. This information will be 
used for the development of the predictive framework for N flow in IAS in the Valley 
of Mexico. 
4.2.1 Selection of method to measure ammonia emission during vermicomposting 
Methods used to quantify ammonia emission from pre-composting piles are 
commonly those which have been extensively used to quantify NH3 volatilization from 
land-applied fertilizer and manure. According to Sommer et al., (2004), these 
methods can be divided in three main types: chamber methods, surface 
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measurements, micrometeorological methods. Due to previous research conducted 
on NH3 emission during composting of cattle manure (Parkinson et al., 2004) and 
cattle manure heaps (Chadwick, 2005) and the reliability of the NH3 measurements. 
A dynamic chamber method consisting of a movable windtunnel style emission hood 
described by Chadwick (2005) was used in both Phase I (pre-composting) and 
Phase 11 (vermicomposting) of the experiment. This method is similar in principle to 
the windtunnel method used by Lockyer ( 1984 ), which was designed to expose the 
material to a constant air flow with acid traps located in the inlet and outlet side of the 
air flux. Details of chamber techniques are given in the following section. 
Alternative methods of ammonia emissions quantification are surface measurements 
and micrometeorological methods; however these techniques are used to quantify 
deposition fluxes and field NH3 emissions respectively and therefore rarely used to 
measure NH3 emission in stockpile manure and composting heaps. In addition to 
some disadvantages such as their labour intensity and low precision results 
compared to chamber methods (Sommer et al., 2004). 
4.2.2 Chamber techniques 
Chamber methods can be divided in: static chamber or closed systems, in which gas 
concentration is monitored in a finite head space; and dynamic chamber or open 
systems where a continuous air flow passes through the chamber. In general, 
chamber methods have been useful and reliable for measuring N20 and CH4 from 
field surfaces, and have been used to measure N20, CH4 and C02 during 
composting and from static storage of solid manure (Sommer et al., 2004). These 
techniques operate by restricting the volume of air with which surface-atmosphere 
exchanges occur, so amplifying any increases or decreases in air concentrations 
(Hill, 2000). Surface atmosphere fluxes were calculated from static or dynamic 
chambers using Eq. 4.1 and Eq. 4.2 respectively. 
Fx =(via) (dXgldt) 
Fx = v(X9 - Xb)lat 
Eq. 4.1 
Eq. 4.2 
Where vis the volume of headspace (in Eq. 4.1) or the air through flow (in Eq. 4.2), a 
is the surface area covered, X is the gas concentration (the subscript g denotes the 
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concentration within the chamber and b denotes the background), and t is the 
exposure time. 
Chamber techniques have the advantage of being sensitive to relatively small fluxes 
and are mechanically simple to operate. Indeed Denmead (1994) showed that 
chamber techniques could be more than two orders of magnitude more sensitive to 
surface atmosphere CH4 and N20 fluxes than comparable micrometeorological 
methods. On the other hand, chamber techniques have some disadvantages; for 
example the enclosed microclimate does not represent the external 
micrometeorological conditions; hence some corrections are required. Furthermore, 
surface temperature and water content can also be enhanced within chambers 
relative to ambient conditions and large uncertainties are often involved when 
extrapolation chamber measurements over large areas. 
Developments to the more simple chamber techniques have been made by Lockyer 
( 1984 ), who developed a miniature wind tunnel for estimating NH3 volatilization in 
field. This technique has been modified to measure NH3 emission during manure 
storage (Chadwick, 2005) and aerobic composting (Parkinson et al., 2004). One of 
the advantages of this method is that the air flow throughout the channel can be 
adjusted to mimic the ambient wind speed in order to obtain more realistic emission 
fluxes. 
4.3 Materials and methods 
4.3.1 Phase 1: pre-composting 
The experimental stage was developed in two phases: phase I corresponding to the 
pre-composting process of sheep manure (substrate details are given in section 
4.3.2) developed within bunkers constructed with concrete bases and walls at North 
Wyke Research, Okehampton Devon, UK. The FYM stores were 3x3x1.5 m length x 
wide x high respectively with a storage capacity of ea. 14m3 . The front wall was from 
a steel frame and exterior-grade plywood that could be removed at times of filling and 
emptying. The floor of each bunker sloped to a covered grill over a central drain 
allowing leaching measurements (Chadwick, 2005). Phase 11, the vermicomposting 
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process was developed in a CT room at the University of Plymouth (details are given 
in Section 4.3.4). 
Ammonia emission during the pre-composting process was developed as two 
independent treatments without replicates, details on ammonia measurements from 
the composting piles are given in 4.3.3. Total carbon (TC), total nitrogen (TN) and pH 
were quantified in composite samples taken with four replicates at 0 and 28 days. 
Data were analysed using one way ANOVA. 
4.3.2 Substrate characteristics 
Sheep manure and straw bedding was collected from a housed sheep production 
system at North Wyke Research (Figure 4.1 b). One treatment consisted of sheep 
manure and bedding (3.4 Mg) without extra straw (Figure 4.1 ); whereas, another 
treatment consisted of the mixture of 3 Mg of fresh material (2.9 Mg of sheep manure 
fresh weight+ 100 kg of straw) in order to increase the initial C:N ratio (approximately 
to 25:1) by adding extra carbonaceous material (Figure 1d). Each substrate was 
loaded into a bunker with a movable roof for composting in compliance with the UK 
Statutory Instrument No. 2347/2005 (The Animal By-Products Regulations 2005) 
with regards to temperature and time. Total N, total C and the C:N ratio of the 
substrates employed in this experiment are displayed in Table 4.2. 
Table 4.2. Characteristics of the substrate (sheep manure and bedding with and 
without extra straw) used in the experiment of pre-composting and vermicomposting. 
Standard error in brackets. 
Substrate/ 
Characteristic 
pH 
Total nitrogen (kg Mg·1) 
Total carbon (kg Mg.1) 
C:N ratio 
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Extra straw 
8.2 (0.03) 
16.0 (0.26) 
420.0 (5.36) 
26:1 
No extra straw 
8.3 (0.03) 
20.0 (0.35) 
400.0 (2.08) 
20:1 
After mixing the substrata, the bunker roof was assembled to cover the composting 
piles and the complete system (vacuum pump, piping and fan) was set up to collect 
air samples and make ammonia measurements (Figure 4.2) following the 
methodology employed by Parkinson et al. (2004) and Chadwick (2005). 
a) b) 
c) d) 
Figure 4.1. Production of the manure substrata used: a) sheep housing, b) manure 
and bedding collected from sheep housing, c) mixing sheep manure and bedding 
only, and d) mixing sheep manure plus extra straw. 
4.3.3 Ammonia emissions during pre-composting 
Ammonia measurements during aerobic composting were carried out using an air 
sampling system (Parkinson et al., 2004; Chadwick, 2005). lt consisted of building 
composting piles under a polytunnel with air inlet and outlet and pumps, a flow meter, 
an air volume meter and acid traps. The sheep manure was exposed to a constant 
air flow of 5 m s-1 (Figure 4.2). Air was drawn from the tunnel by means of a pump 
with the airflow rate being controlled at 4 I min-1. An acid trap consisting of 75 ml of 
0.02M orthophosphoric acid was located at the opposite side of each bunker. The 
first trap removed NH3 from the air inlet and the second on the outlet side of the 
bunker, scrubbed any NH3 emitted during the measurement period of 3 hours. Glass 
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and fluorinated ethylene propylene (FEP) tubing was used between the bunkers and 
outlet acid trap to minimize adsorption of NH3 to tubing walls. Finally, manure heaps 
were covered for the entire period to exclude rainfall , and ammonia measurements 
were carried at Days 2, 6, 8, 13, 15, 20, 22 and 27 during the 4 weeks experiment 
following the methods of Parkinson et al. (2004) and Chadwick, (2005). 
Figure 4.2. Bunkers for FYM composting and ammonia measurement system at 
North Wyke Research, Okehampton Devon, UK. A fan located at the top of the 
tunnel set up at 5 m s-1; boxes in foreground contain a vacuum pump, an air volume 
meter (I min-1) and a flow meter (m s-1) . 
Ammonia emission during the pre-composting experiment was assessed and 
expressed in terms of the initial N content of the material, derived by integrating the 
area under the best fit polynomial curve. 
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Accumulated NH3 emission (g NH3-N Mg-1) = f1 ydt Eq. 4.3 
Where: y= polynomial equation (ammonia volatilization g NH3-N Mg-1 d-1), dt = time 
during the period of aerobic composting (from 1 to 28 days). 
4.3.4 Phase 11: vermicomposting 
Vermicomposting was developed in a control temperature (CT) room in order to 
simulate the vermicomposting conditions in the Valley of Mexico and explore the 
effect of the initial C:N ratio, water content and ambient temperature on ammonia 
emission. The experimental design was a factorial 23 (3 factors= initial C:N ratio, 
temperature and water content; and 2 levels= high and low), and 4 replicates per 
treatment (Table 4.3). Three main factors were assessed: water content (70 and 
80%), temperature (15 and 22°C) and C:N ratio (20:1 and 26:1). Data was analyzed 
using MINITAB software (V. 14.2, Coventry). Experimental design and treatments are 
listed in Table 4.3. 
Table 4.3. Experimental treatments selected to measure NH3 emission during Phase 
11. 
Factorial Main factors 
combination C:N Temperature Water content 
CN20T15M70* 0 0 0 
CN26T15M70 1 0 0 
CN20T22M70 0 1 0 
CN26T22M70 1 1 0 
CN20T15M80 0 0 1 
CN26T15M80 1 0 1 
CN20T22M80 0 1 1 
CN26T22M80 1 1 1 
*Example label: CN indicates low (20) and high (26) C:N ratios; T indicates low (15) 
and high (22) temperature in oc; M indicates low (70) and high (80) water content in 
%of OM. 
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4.3.5 Substrate sampling from pre-composting piles to establish Phase 11 
After 28 days of aerobic pre-composting, the manure was randomly sampled. 
Approximately 4 kg of manure (fresh mass) was placed in 10 I plastic containers 
(Figure 4.3) . All containers were transported to the laboratory where water content 
was adjusted to 70 and 80% according to the defined treatments for the experiment, 
as noted in Table 4.3. 
Figure 4.3. Samples of substrate after initial pre-composting to set up Phase 11. a) 
substrate with addition of extra straw, b) substrate without addition of extra straw. 
4.3.6 Manure inoculation with worms 
Worms used in the experiment were a mix of approximately 50 % Eisenia foetida and 
50 % Dendrobaena veneta (50:50) . This mix was obtained from West Country 
Worms, Blackawton, Totnes, Devon, UK. Before the inoculation, tests were made in 
order to verify the suitability of the substrate for the worms (Edwards & Bater, 1992). 
After 20 days of water content adjustment (70 and 80 %) and substrate biological 
stabilisation, the mix of worms was inoculated at a rate of 50 g per container 
(approximately 35 worms); which contained approximately 4 kg of substrate (fresh 
mass). Sample containers were placed into a fixed temperature room of either 15°C 
or 22oc according to the defined treatments (Figure 4.4) . 
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Figure 4.4. Sample containers with worms (Eisenia foetida and Dendrobaena veneta) 
placed in a CT room during Phase 11. 
4.3.7 Ammonia emissions during vermicomposting 
Ammonia emissions during vermicomposting were measured following the same 
principle as that used during pre-composting. Manure was exposed to a constant air 
flow (Figure 4.5), similar to the system described by Chadwick et al. (2001) and 
Misselbrook et al. (2005). 
t 
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Figure 4.5. Design of laboratory set up of chambers for ammonia measurements. 
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The air was drawn through the system by means of a vacuum pump, with the airflow 
rate through each chamber being controlled at 4 I min-1. An acid trap (containing 
0.075 I of 0.02 M orthophosphoric acid) before and after each chamber removed the 
inlet and outlet NH3 from the air. A system of fluorinate ethylene propylene (FEP) 
piping was design to conduct the air through the system and minimize the adsorption 
of NH3 (Figure 4.6) . Measurements of ammonia emission were taken at Days 0, 15, 
30 and 45. 
Figure 4.6. Laboratory set up for NH3 emissions measurement during 
vermicomposting. These images show the complete working system: a) air flow 
meters, b) acid traps, c) pumps, and d) air volume meters. 
4.3.8 Total carbon, total nitrogen, ammonia nitrogen, water content and pH 
Total carbon (TC) is the sum of total organic carbon (TOC) plus total inorganic 
carbon (TIC); however, in the case when there is no detectable inorganic carbon, TC 
can be considered as the equivalent to TOC (Schumacher, 2002). The complete 
working system included a trial conducted to verify the presence of TIC. The TIC was 
observed being below the detectable limits of the analyzer; hence, TC was assumed 
67 
to equal TOC. Samples at the beginning of pre-composting and after 28 days were 
taken and analyzed using a 'Skalar PrimacssLc' total carbon analyzer (Breda, The 
Netherlands). Water content was adjusted to 70 and 80% by adding water, and 
reported on a dry mass basis. The pH was measured using a calibrated glass 
electrode, in a 2:1 water: substrate ratio using distilled water (Rowel!, 1994 ). Total 
nitrogen was determined by Kjeldahl digestion following the procedure given by 
Rowel! (1994), and the ammonia from the digested solution was determined by 
continuous air segmented flow colorimetry with salicylate and dichloro-isocyanuric 
acid to produce a blue complex measured at 660 nm using nitroprusside as a 
catalyst. Ammonia N collected in acid traps was also analyzed by automated 
colorimetry ( Searle, 1984 ). 
4.4 Results 
4.4.1 Total nitrogen and total carbon during pre-composting and vermicomposting 
At Day 28, TN showed significant differences (P < 0.05) between both substrates 
with and without addition of extra straw, CN20 and CN26 respectively (see Appendix 
C1 ). However, TC did not show a significant difference between the substrates. As 
expected, TC decreased over time (Table 4.4). Total C dynamics in these substrates 
during 28 days of composting followed a trend typically observed for materials of 
varying C:N ratios under pre-composting. Previous research has found that most 
carbon losses were found to occur during the initial stage of pre-composting due to 
intense C02 production and C immobilisation by microbial biomass (Bernal et al., 
1998; Tiquia et al., 2002; Hao et al., 2004). 
Total N and TC contents showed clear differences during the pre-composting 
process. Pre-composting is a process that accelerates the stabilisation of organic 
wastes in comparison to natural decomposition; therefore, N and C losses are 
generally correlated during pre-composting (Barrington et al., 2002). Composting low 
C:N ratio materials mixed (such as livestock manure) with high C:N ratio materials 
(straw) provides sufficient carbon to immobilize the excess nitrogen and minimize 
any N losses hazard from materials with low C:N (Brady & Weil, 2002); however, N 
losses are related not only to the availability of C but also to the duration of 
composting. Barrington et al. (2002) noted that 85% of the initial total N in the 
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compost was available for microbial degradation and that 70% of the available C was 
lost as C02 during the immobilization process. Hence the importance of adding extra 
straw to low C:N ratio materials (i.e. manure) in order to reduce N losses from 
composting manure 
Table 4.4. Mean concentrations (n = 4) of total C (TC) and total N (TN} at Day 1 and 
28 during pre-composting. Standard error of the mean in brackets (SEM), C:N ratio 
(CN). 
Process/Time 
Day 1 
Day 28 
Treatment 
CN20 
CN26 
CN20 
CN26 
TC (kg Mg·1 OM) 
402.6 (2.08) 
419.5 (5.36) 
380.4 (3.32) 
384.8 (1.92) 
4.4.2 Total nitrogen and total carbon after vermicomposting 
TN (kg Mg-1 OM) 
20.17 (0.35) 
16.35 (0.26) 
27.50 (0.14) 
24.37 (0.23) 
The analysis of variance at the end of vermicomposting (Day 45) indicated significant 
effects (P < 0.05) on total N in two and three way interactions, but no significant 
effects for main factors: temperature, water content and initial C:N ratio (see 
Appendices C2 and C3). Total C was not significantly different after three months of 
vermicomposting where the carbon in the substrates becomes stable and no 
significant difference was observed (Figure 4.7). Thus the effect of the addition of 
extra straw at the beginning of the experiment was not detected at the end of 
vermicomposting; total C ranged from 340- 360 kg Mg-1 OM. Total N content in the 
substrate at Day 45 ranged from 16 - 25 kg Mg-1 OM. However, these values 
corresponded to those typically found at the end of aerobic composting and 
vermicomposting (Tognetti et al., 2005). 
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Figure 4.7. Interaction plots for total carbon (TC) and total nitrogen means (TN) at 
day 45 of vermicomposting. 
4.4.3 Ammonia volatilization during pre-composting 
Ammonia emissions during pre-composting showed that most NH3 volatilization 
occurred within the first 15 days of the process (Figure 4.8). The substrate with high 
C:N ratio (CN26) showed 250 g Mg-1 d-1 compared to 450 g Mg-1 d-1 in the substrate 
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with low C:N ratio at Day 2 (Figure 4.8a). Ammonia emission showed higher 
ammonia volatilization during pre-composting than during vermicomposting as 
observed in Figure 4.8a & b. These results agree with those observed by Liang et al. 
(2006) who observed that 90% of the NH3 was emitted within the first 100 h of an in 
vessel experiment in which the accumulative NH3 emissions over 300 hr was 
measured in substrates base on dairy manure, wheat straw and paper mixtures. 
Similarly, Parkinson et al. (2004) confirmed that turning manure stacks (one and 
three turning regimes) to aid composting can increase NH3 emission by up to 7% 
during cattle manure storage. 
In this experiment an increase of ammonia emission from 50 to 150 g Mg-1 d.1 was 
observed at Day 15, which corresponded to the turning event. In this respect, the 
second peak relates to increased microbial activity following aeration by turning, 
thereby increasing temperature and stimulating further release of NH3. Ammonia 
volatilization during composting has been reported to be influenced mostly by factors 
such as, initial ammoniacal (NH3 and NH4 in solution) concentration, water content, 
pH and temperature (Liang et al., 2006; Pagans et al., 2006). Mixing highly 
carbonaceous materials (cereal straw, paper, sawdust wood) with those highly 
nitrogenous materials (livestock manure, poultry manure, green waste, kitchen 
waste) have been shown to reduce NH3 volatilization and N leaching during the 
composting process (Ndegwa & Thompson, 2000; Sommer & Moller, 2000; Liang et 
al., 2006). In general there is a potential for immobilization of available N by microbial 
biomass which could occur depending on the carbon biodegradability (Paillat et al., 
2005). 
The initial C:N ratios decreased from 20:1 to 13:1 in the substrate without extra straw 
and from 26:1 to 14:1 in the substrate with addition of extra straw. This explains why 
C:N ratio during vermicomposting did not show a statistically significant effect on 
ammonia volatilization; however, it is well known that C:N ratios from less than 25:1 
can favour ammonia volatilization during the first weeks of composting (Ndegwa & 
Thompson, 2000). Addition of C readily available to microorganisms in the pre-
composting process can significantly reduce NH3 emission by up to 50%; although 
according to Liang et al. (2006) adding cellulose such as paper and straw did not 
show any significant difference on ammonia emission. The addition of extra straw in 
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this experiment (CN26) reduced ammonia volatilization yet NH3 losses throughout 
the vermicomposting phase were lower than during pre-composting (Figure 4.8). 
Nevertheless, NH3 volatilization is a process strongly dependent on the C:N ratio, 
temperature and water content in the substrate (Pagans et al., 2006). 
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Figure 4.8. Ammonia emission during pre-composting with turning event (indicated 
by an arrow) a), and vermicomposting b). 
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4.4.4 Ammonia volatilization during vermicomposting 
The highest value of NH3 emission (253.2 g Mg-1 d-1) corresponded to the 
combination of low C:N ratio (20:1 ), high temperature (22°C) and low water content 
(70%) at Day 0 (Table 4.5). Ammonia emission ranged from 0- 21 g Mg-1 d-1 at Day 
45, possibly because of the microbial stability and maturity of the material and most 
ammonia was converted to organic nitrogen (Szant6 et al., 2007). 
Table 4.5. Mean ammonia emissions during vermicomposting expressed in g Mg-1 
OM d-1 (factorial: factors=3; levels=2, and N=4). 
Label 60 days 75 days 90 days 105 days 
CN20T15 M70* 30.3 (13.6) 112.0 (25.0) 26.1 (3.64) nd 
CN26T15 M70 58.3 (11.5) 39.08 (4.41) 48.2 (10.3) 15.0(12.6) 
CN20T22 M70 253.2 (62.5) 102.3 (61.3) 67.0 (30.9) 3.3 (3.27) 
CN26T22 M70 238.1 (49.9) 56.0 (23.9) 13.8 (6.90) 10.6 (10.6) 
CN20T15 M80 136.3 (79.5) 73.5 (31.3) 13.4 (5.94) 21.7 (1 0.3) 
CN26T15 M80 34.1 (15.5) 116.9 (68.5) 14.9 (3.46) 10.4 (3.56) 
CN20T22 M80 118.7 (68.8) 102.0 (39.0) 23.0 (9.67) nd 
CN26T22 M80 86.6 (46.3) 38.3 (18.7) 57.6 (34.8) nd 
*Example label: CN indicates low (20) and high (26) C:N ratios; T indicates low (15) and high (22) 
temperature in oc; M indicates low (70) and high (80) water content in %. Standard error of the mean 
in brackets (SEM), not detected (nd). 
Significantly different (P < 0.05) NH3 emissions were observed at Day 0, although no 
significant effects were observed at Days 15, 30 and 45 of vermicomposting (see 
Appendix C4). Main effects at Day 0 are graphically represented in Figure 4.9. lt was 
confirmed that substrates with low initial C:N ratio (CN20) generally resulted in a 
higher NH3 volatilization than materials with high C:N ratio (CN26). Regarding the 
effect of temperature and water content on NH3 emission (Figure 4.9b & c); low water 
content (70%) and temperature (22°C) had positive effects on ammonia volatilization 
compared to 80% of water content and 15°C at Day 0. These effects were not 
observed for the next sampling times at Day 15, 30 and 45. 
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Figure 4.9. Main effects on NH3 emission using transformed data (natural log base e) 
at Day 0 during vermicomposting ; a) C:N ratio , b) Temperature (°C) and c) water 
content(%). 
The analysis of variance did not show any overall significant effect on ammonia 
volatilization (P > 0.05) during the vermicomposting process. According to statistical 
analysis, there is no evidence that the effects of any factor depend on any other 
factor on NH3 volatilization under the particular characteristics of this experiment. The 
normal effects plot compares the relative magnitude and the statistica l significance of 
both main and interaction effects. Minitab draws a line to indicate where the points 
would be expected to fall if all effects were zero. Points that do not fall near the line 
usually signal significant effects. Such effects are larger and generally further from 
the fitted line than unimportant effects. 
For this experiment, there were three treatments with significant effects (P < 0.05). 
These significant effects included two main effects (temperature (B) and water 
content (C). Temperature had the largest effect because it lies furthest from the line. 
In addition , temperature had positive effect because it resides to the right of the line. 
This means when temperature changed from the low level (15 °C) to the high level 
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(22 °C) ammonia volatilization increases. Because water content (C) and the 
combination BC reside to the left of the line it can be deducted that water content had 
a negative effect on ammonia emission, meaning that when it changed from 70 to 
80% the response in terms of ammonia volatilization decreased (Figure 4.1 0). 
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4.4.5 Quantification of NH3 losses in relation to the initial N content of the substrata 
during pre-composting and vermicomposting 
Ammonia volatilization during the composting process (28 days) estimated by 
calculating the area under the fitted polynomial curve showed higher NH3 emission 
from the substrata with low C:N ratio (11 .5 kg Mg-1 OM) than from the substrata with 
additional straw (7.5 kg Mg-1 OM). These amounts of NH3 volatilized corresponded to 
approximately 57% of total N for the substrata with low C:N ratio (CN20) and 46 % 
for the substrata with high C:N ratio (CN26). Therefore extra straw reduced N loss by 
approximately 10% during the 28 days of pre-composting. During vermicomposting a 
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lesser quantity of NH3 was emitted in terms of the initial TN content in the substrate; 
values ranged from 8 to 15% in the different factorial treatments (Table 4.6). 
Table 4.6. Accumulated ammonia emission during 28 days of pre-composting and 45 
days of vermicomposting in relation to the initial total N content. *Example label: CN 
indicates low (20) and high (26) C:N ratios; T indicates low (15) and high (22) 
temperature in oc; M indicates low (70) and high (80) water content in %. Standard 
error of the mean (SEM). 
Treatment Water 
content 
Composting 
CN20 73 
CN26 68 
Vermicomposting 
CN20T15M70* 
CN26T15M70 
CN20T22M70 
CN26T22M70 
CN20T15M80 
CN26T15M80 
CN20T22M80 
CN26T22M80 
Initial TN content 
(kg Mg·1 DM) 
20.2 
16.4 
27.5 
24.4 
27.5 
24.4 
27.5 
24.4 
27.5 
24.4 
N loss 
(kg Mg·1 DM) 
11.5 
7.5 
2.5 
1.9 
4.3 
2.6 
2.4 
2.5 
2.4 
2.4 
%of initial 
TN content 
56.8 
45.7 
9.1 
7.8 
15.6 
10.7 
8.7 
10.2 
8.7 
9.8 
Several factors such as temperature, water content, aeration rate, C:N ratio and pH 
can affect NH3 emissions. In the pre-composting experiment additional straw 
increased C:N ratio but reduced water content from 73 to 68% in the substrate. This 
effect could keep the composting heap cooler than without additional straw and 
therefore reduce ammonia emission as NH3 volatilization is a temperature and pH 
dependent process (Misselbrook & Chadwick, 2008). The pH fell from 8.3 during pre-
composting to a range from 7.6 - 8.1 during vermicomposting. The reduction of pH 
during vermicomposting is typically observed in substrates such as manure subject to 
decomposition with worms (Reinecke et al., 1992; Frederickson, 2003). 
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4.5 Discussion 
Nitrogen dynamics during aerobic manure composting has been well documented 
(Keeling et al., 1995; lglesias-Jimenez, 2001; Gabrielle et al., 2004; Parkinson et al., 
2004; Velasco-Velasco et al., 2004; Raviv et al., 2005; Zhang et al., 2006; Tognetti et 
al., 2007) however, in order to transfer management strategies from laboratory and 
pilot experiments to field conditions, N losses through NH3 emission during aerobic 
composting remains a challenge for researchers. Some management strategies such 
as regulating C:N ratio in the substrate, controlling temperature, controlling pH 
through chemical additives and controlling the microbial population during the 
composting process have been well studied however, some of these strategies (i.e. 
controlling temperature and pH) have been difficult to implement in practice, and the 
most practical measure has been the lowering of C:N ratio by adding straw to 
approximately 25. 
Ammonia emission measured during pre-composting and vermicomposting 
confirmed that NH3 volatilization occurs during the first week of aerobic composting. 
Additional straw (CN26) in the substrate reduced ammonia volatilization by 
approximately 10% compared to the substrate with low C:N ratio (20). In this regard 
Michel et al. (2004) observed lower temperatures when composting dairy FYM with 
straw than dairy FYM with sawdust. Other workers have shown that composting 
reduces NH3 volatilization in poultry manure when highly nitrogenous material are 
managed (Keener et al., 2002). Likewise, Dewes (1995) stated that from 25 to 44% 
of N was lost by NH3 emission during a 177 day composting experiment with cattle 
manure. 
During vermicomposting high temperature (22°C} and low water content (70%) in the 
substrate favoured NH3 volatilization. In general terms it was observed that NH3 
volatilization was higher in pre-composting than in vermicomposting. This is probably 
because of the change in water content during vermicomposting and a decrease of 
the aeration level in the material. Another possibility could be the reduction in 
temperature and pH during the vermicomposting process. Short et al. (1999) noted 
that a total nitrogen loss of 41% in the vermicomposting process of waste paper 
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sludge was significantly lower (P < 0.05) than the 70% loss observed for windrow-
composted of the same substrate after 8 weeks of measurements. Likewise, Ndegwa 
& Thompson (2000) observed more total and soluble nitrogen concentration in the 
vermicompost made of a substrate with C:N ratio of 25 compared to total and soluble 
N concentration in vermicompost whose C:N ratios were 10, 15 and 20:1 after five 
weeks. 
4.6 Conclusion 
The addition of extra straw to sheep manure showed a reduction of ammonia 
volatilization after 28 days of composting; most ammonia volatilization occurred at 
the beginning of the composting process. A diminishing trend was observed toward 
the end of the experiment. Initial C:N ratio did not show any statistical effect on 
ammonia volatilization in the vermicomposting phase at any sampling date (Day 0, 
15, 30 and 45), although it was observed that NH3 emission was higher in the 
substrate with C:N ratio of 20:1 than that observed in the substrate with a C:N ratio of 
26:1. 
The main factors of temperature and water content showed statistical significant 
effects on NH3 volatilization at Day 0 during vermicomposting. Lower water content 
(70%) and higher temperature (22°C) increased NH3 volatilization compared to a 
higher water content (80%) and lower temperature (15°C) at Day 0. At this stage of 
the vermicomposting experiment, significant effects were observed for the main 
factors of the factorial although no clear pattern of NH3 losses for the studied 
treatments was observed for the subsequent sampling times (Day 15, 30 and 45). 
Interaction effects of the factorial (two and three way interactions) did not show 
significant effect on ammonia volatilization on any sampling times (Day 0, 15, 30 and 
45) during the vermicomposting phase. According to this type of statistical analysis of 
the data, and under the particular characteristics of this experiment investigating 
vermicomposting of sheep manure after aerobic composting, there is no evidence 
that the effect of any factor studied depends on the level of any other factor on 
ammonia volatilization. 
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lt can be concluded that vermicomposting is a potential manure management 
practice that will reduce NH3 emission in integrated agricultural systems nevertheless 
more research is needed in situ in order to support this conclusion. Pre-composting is 
crucial during vermicomposting and special attention must be given to the duration of 
this phase in order to comply with pathogen regulations. Information and data 
presented and generated in this Chapter is used in Chapter 5 for the development of 
the predictive framework for N flow in the core components of lASs in the Texcoco 
region. 
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CHAPTER 
Development of the predictive framework for nitrogen 
flow in integrated agricultural systems in the Texcoco 
region 
5.1 Introduction 
5 
This chapter addresses the development of a predictive framework for N flows within 
the core components of lASs in the Texcoco region. The predictive framework aimed 
to assess the productivity and environmental performance at farm scale by 
quantifying and analyzing nitrogen use efficiency (NUE) indices. Also, N inputs, 
outputs and internal transfers in the core components (livestock, manure 
management and cropping system) are highlighted. The predictive framework is 
developed using programming features of Microsoft Excel, where algorithms were 
constructed in a spreadsheet. A description of the variables, assumptions and 
calculations for each component are presented in this chapter, together with a 
justification of their use and sources of data. Scenario evaluation and data analysis 
are discussed in Chapter 6. 
5.2 Approaches to assess nitrogen flows and balance in agricultural 
systems 
Agricultural systems are by nature complex; hence, studying the dynamics of a 
particular nutrient at a farm scale can be extremely complex or simple depending on 
the research objectives. Nitrogen balance studies in agricultural systems usually 
consider variables such as the time-scale, input variables, state variables and output 
variables (Chesworth, 2008). An input variable is anything admitted to the model, 
either as physical objects or as information packages. State variables are traits that 
characterize the system and outputs are anything produced by the system either in a 
physical form or as information packages as a function of the state (Vohnout, 2003). 
The temporal and spatial scales vary widely; according to Stoorvogel et al. (1 993) 
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soil N balances can be categorized into macro-scale, mesa-scale and micro-scale 
(farm) categories. For N flows and balance in agricultural systems, field, farm and 
regional scales have been conventionally studied; while, timescales are often 
referred to short (<5 years), medium (5- 20 years) and long (>20 years) term (Oborn 
et al., 2003). The spatial and temporal characteristics of a nutrient balance, as well 
as its completeness, indicate the usefulness and reliability of the balance (Ray et al., 
2003; Schroder et al., 2003). Given that the focus of this research was smallholder 
farm scales predictive framework was constructed for an enterprise and farm scale 
and an annual temporal context. 
Oborn et al. (2003) distinguished three N flow balances in agro-ecosystems 
according to their level of detail: farm gate balance (low detail), field or soil surface 
balance (medium detail) and systems balance (high detail). The general limitations 
and uncertainties of the different types of N balances are described in Table 5.1. 
According to the literature reviewed, farm gate and soil surface balances have been 
the most used approaches to study N use efficiency in farming systems in Europe 
(Lord et al., 2002; Schroder et al., 2003; Spears et al., 2003; Cuttle & Jarvis, 2005; 
Nevens et al., 2006). The farm gate balance used by the EU's PARCOM committee, 
takes the whole farm as its unit (Lord et al., 2002), and estimates inputs as fertilizer, 
livestock feed and wastes imported to the farming system. Outputs are crops, 
livestock products, and waste exported from the farming system as controlled and 
uncontrolled losses. Material recycled internally (grass, fodder, manure) is not 
accounted for. The soil surface balance as suggested by the OECD (2001 ), 
calculates inputs and outputs from the soil. Inputs include fertilizers, manures and 
crop residues and outputs include harvested matter removed from the field. 
Atmospheric inputs are added by some frameworks, but losses to air are usually not 
subtracted. Hence, the predictive framework developed here focussed on quantifying 
N losses (leaching, emissions, erosion etc.) and is based upon the best available 
data in the study region and expert judgment. No attention was paid to N surpluses 
resulting from the balance, as a general indicator of environmental performance. 
Instead, specific values for N losses were considered to lead to a more detailed 
estimate of N losses {i.e. emissions, leaching etc.) in the Texcoco region. 
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Table 5.1. Limitations and uncertainties of the different types of nitrogen balances: farm gate balance (FGB), soil surface balance 
(SSB) and system balance (SB). Source: Lord et al. (2002); Oborn et al. (2003), Rao and Rogers (2006). 
Type of 
balance 
Farm gate 
balance 
Field 
balance/soil 
surface balance 
System 
balance 
Benefits 
Easy to produce 
Readily available data 
Easy to communicate 
Possible to calculate financially 
Easy to repeat annually 
Multiple element accounting 
Easy to standardise 
Can be related to changes in SNP 
Accounts for major inputs and outputs 
Multiple elements accounting 
Possible to calculate for a crop rotation if 
done on field scale 
Includes the accounting of major inputs 
and outputs 
Includes internal N flows 
Separation of sources 
Increase the understanding of processes 
and relations 
Sensitivity analysis can be done to put the 
focus on the important fluxes or pools 
Can handle spatial and temporal aspects 
of pools and fluxes over a range of scales 
Limitations 
Fluxes not related to trade not included 
(deposition, emissions, BNF*) 
No internal fluxes included 
Established on farm scale 
Annually defined 
Does not consider local site conditions i.e. 
soil, climate 
No distinction between external and internal 
inputs and outputs 
If extrapolated to farm scale there is a great 
risk of double accounting 
Requires estimations/assumption or 
modelling for obtaining BNF, leaching, etc. 
Difficult to do multiple element balances due 
to lack of data and process knowledge 
No standardised way to do it, different 
modelling approaches are being used 
No suitable for extension, since it requires a 
lot sites specific data, is mainly a tool for 
research and development rather for 
management and policy 
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Uncertainties 
Minor if good book keeping of 
purchased and sold products 
Major fluxes might not be 
included 
Difficult to get site and year 
specific data on deposition, 
leaching, etc. which can be of 
major importance for the result 
of the balance 
Requires soil, livestock specific 
data 
Data availability and quality 
become very critical 
Farm gate and soil surface balances have been applied in different approaches on N 
balances, an example is the methodology on nutrient monitoring (NUTMON) for 
tropical farming systems (Ray et al., 2003). lt could be argued that the complexity of 
tropical farming systems and the scarceness of data could affect accuracy of N 
balances in sub-tropical countries like Mexico. Hence, the predictive framework was 
designed upon the soil surface and system balances methodologies (OECD, 2001; 
Oborn et al., 2003; Ray et al., 2003; Rao & Rogers, 2006). Also, specific approaches 
on N modelling in mixed farrning systems, conducted in Europe, were used (Kebreab 
et al., 2001; Spears et al., 2003; Misselbrook et al., 2005; Del Prado et al., 2006 ). 
Additionally, methodological analysis on manure management (collection and 
storage) (Chadwick, 2005), and crop N uptake within farms (Paul & Beauchamp, 
1995) contributed for the development of the N flow. Special attention was given to 
the vermicomposting process as manure management practice (experimental data 
shown in Chapter 4). Consequently, the predictive framework is grounded in 
information presented in Chapter 3 and 4, and the calculations relied on inputs, 
outputs and internal N transfers as depicted in Figure 5.1. 
Imported 
feed 
BNF·, 
seed, 
water, 
fertilizer 
I 
I 
i 
I 
Internal N transfer 
Livestock 
~ 
Manure management 
~ 
Soil-cropping system 
I Product 
: 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1----+ Losses 
I 
I 
I 
I 
Figure 5.1. Simplified N inputs, outputs and internal transfers for the core components 
in lASs (*Biological N fixation). 
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5.3 Data sources 
The data used originated from two type of sources: primary sources which included 
data generated in the IAS prototype (described in Chapter 3) and data generated in 
this research (Chapters 3 and 4); and secondary sources were those from the 
literature review and production statistics for the Texcoco region. Due to the 
characteristics of lASs in the Texcoco region (see Chapter 3) and the nature of the 
approach, general assumptions were defined for each component, and they are 
explained in the corresponding sections of this chapter. 
5.4 Methodological approach 
The methodological approach for the development of the predictive framework is 
summarized in Figure 5.2. Nitrogen input and output variables from the core 
components (livestock, manure management and cropping system) were defined and 
computed. Gaps of information were covered through an experimental phase 
(Chapter 3 and 4). The predictive framework for N flows in lASs was developed using 
a worksheet and programming feature of Microsoft Excel to relate N inputs, internal N 
transfers and N outputs. A summary description of the spreadsheet is showed in 
Section 5.8, and Appendix B provides extended explanation of the development of 
the predictive framework tool using software. Selected variables for N inputs and 
outputs for the core components (livestock, manure management and cropping 
system) are shown and described in the following sections of this chapter. The 
development predictive framework is organized according to the core components of 
lASs (Sections 5.5, 5.6 and 5.7). 
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Integrated agricultural systems 
(Livestock, manure management, crops) 
I Variable definition for the N flows 
I Assumptions I .. l 
Data collection and experimental 
phase 
I Fitting equations I .. 
Relating equations and factors 
in spreadsheet 
Spread sheet 
macros I Scenario outputs I development 
L 
Scenario data analysis 
(Chapter 6) 
L 
Application of the predictive 
framework (Chapter 7) 
Figure 5.2. Methodological approach for the development of the predictive framework 
for N flow for integrated agricultural system in the Texcoco region. 
5.5 Livestock component 
5.5.1 Defined variables and assumptions 
The N flow begins with estimations of N inputs according to specific variables based 
upon information on livestock in lASs in the Texcoco region and the IAS prototype 
(see Chapter 3). The selected variables are described in Table 5.2. General 
assumptions were defined in order to simplify calculations (Table 5.3). The 
conversion rate of forage to animal live weight (LW) was not considered in this 
research. The production of milk was fixed according to conventional N contents in 
animal diets in the Texcoco region. 
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Table 5.2. Nitrogen intake by feeding animals and defined variables for the N outputs 
in the livestock component; N is expressed in kg LU"1 a·1 
Animal (LU) NINPUT N OUTPUT (label) Description 
(label) 
Dairy cows IL 1 OL 11 N milk 
OL 12 N excreted (urine & dung) 
OL 13 NH3 emission* 
Dairy heifers & IL2 OL21 N excreted (urine & dung) 
Beef cattle 
OL22 NH3 emission* 
OL23 N animal 
Goats & sheep IL3 OL31 N milk 
OL32 N excreted (urine & dung) 
OL33 NH3 emission* 
OL34 N animal 
Sows & litter to 7 IL4 
kg OL41 N excreted (urine & dung) 
OL42 N piglets 
OL43 NH3 emission* 
Fattening pigs IL5 OL51 N excreted (urine & dung) 
OL52 N animals 
OL53 NH3 emission* 
Gills & boars IL6 OL61 N excreted (urine & dung) 
OL62 NH3 emission 
I= input; 0= output; LU= livestock unit (450 kg LW). *NH3 emission by housed animals. 
5.5.2 Nitrogen inputs: description of formulae and conversions 
Nitrogen intake by dairy cows (IL 1) 
Nitrogen intake by feeding dairy cows was calculated for each animal stage. All 
stages are included according to their corresponding proportion in a year period. The 
dairy cow represents both stages, dry and lactation period. Values for N intake were 
calculated using the typical dry matter intake (DMI) per animal per stage in relation to 
the N content in the diet per year (Figure 5.3a); assuming this is the cycle yearly 
repeated in a IAS in the Texcoco region. 
86 
Table 5.3. Assumptions considered for the quantification of N flows in the livestock 
component. 
Type of animal 
Dairy cow 
Dairy heifer & beef cattle 
Sheep & goat 
Sow & litter, 
Fattening pigs, 
Gills and boars 
Assumptions 
Number of animals remains constant in a year period 
N intake remains constant during the year 
'Estimations were made on a LU** basis 
Males leave after a year and female remain as 
replacements; hence,0.5 animal leave the farm after a 
year; assuming 50% probability of calving male or 
female 
N intake by dairy heifer includes newborn and calves 
Sheep, lambs, goats and kids are considered together 
The N input through the animal is considered in the 
flow, and it depends on the number of LUs in the farm. 
apply for all species, **livestock unit (LU) 
The diet for lactating cows, which last 265 - 340 days, ranges from 12 - 20 kg OM LU-
1 d-1 in the Texcoco region (Camacho-Garcia & Garcia-Muiiiz, 2003). One LU of dairy 
cow was assumed to consume a proximately 12 kg OM d-1 (2. 7 ± 0.3% of OM in terms 
of their LW) with a crude protein (CP) content from 16- 18% (Losada et al., 1998a; 
Alvarez-Fuentes et al., 2003). Thus theN content was calculated by using the factor 
6.25 (CP = total N x 6.25), and N intake is calculated using the Eq. 5.1. Thus, N 
intake in dairy cows is equivalent to 0.31 kg LU d-1 . 
IL 1 (kg N LU d-1) = DMI x [N]/100 Eq. 5.1 
Where IL 1 is the N intake in feed, DMI is the OM intake (kg LU-1 d-1) and [N] is the 
concentration of N in feed (kg kg- 1 OM). 
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a) Dairy cow 
/ 
' 
Open period 45-
120 days 
Calving Conception 
b) Heifer. 
0 Newborn 2 
tntercalving period (365 days) 
Lactation period (265-340 days) 
Gestation period (280 days) 
Calf 6 Heifer 
Dry period >45 
<57 days 
Dry Calving 
12 months 
Figure 5.3. Defined stages in dairy cattle ·included in the N flow calculation. a) 
intercalving period of a dairy cow; b) typical stages from calf to one-year heifer. 
Dry cows are fed with a similar amount of OM to the one and two year heifer (12 kg 
of OM LU d-1), but different CP content ranging from 12- 14% (Hopkins & Whitlow, 
2000). Therefore, using Eq. 5.1, N intake per LU d-1 is aproximately 0.23 kg. The 
cycle of a dairy cow (intercalving period) is calculated considering the lactation period 
of 305 ± 40 days plus the dry cow period of 65 days aproximately. For practical 
purposes the intercalving period was assumed to be 365 days. Losada et al., (1998a) 
reported lactating periods ranging from 195 - 285 days, and a range between calving 
from 373 - 411 days in the Valley of Mexico. 
Nitrogen intake by dairy heifers and beef cattle (IL2) 
Nitrogen intake for heifers was calculated as a proportion of the N intake per animal 
per year; considering the corresponding proportion of the different stages in the year 
(Figure 5.3b). Heifer N intake values represent three different stages: newborns up to 
two months, calves between two and six months and calves-heifers between six and 
12 months; stages and figures are detailed below. Newborn calves from 0 - 180 days 
consume aproximately 2.3 ± 0.2% of OM in terms of their LW (Luchini et al., 1991 ). 
The crude protein content in their diet varies between calves from 0 - 60 days and 
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calves from 60 - 180 days (Amarai-Phillips, 1997). The amount of annual N intake 
was multiplied by the proportion of time of each stage in a year period in order to 
include every stage in the calculations (Table 5.4). Consequently, mean N values for 
lactating and dry cows is estimated to be 105.1 kg N LU.1 a·' and for dairy heifers 
(newborn and calves) 86.9 kg N Lu·' a·1. 
Table 5.4. Nitrogen intake (NI) as crude protein (CP) by different stages of dairy 
cattle. Values in brackets correspond to the percentage in live weight (LW). 
DMI* CP content TN content N Intake Proportion 
Animal stage (Kg Lu·' d"1) (%) (%) (kg LU d-1) per year 
Lactating cow 12-20 (2. 7±0.3) 16- 18 2.56- 2.88 0.31 0.75 
Dry cow 12-16 (2.5±0.3) 12- 14 1.92- 2.24 0.23 0.25 
One year heifer 12(2.5±0.3) 12- 14 1.92- 2.24 0.23 0.50 
Calves (two-six month) 10 (2.3 ± 0.3) 15- 16 2.40- 2.56 0.24 0.33 
Newborn calves < two 
Months** 9 (2.0 ± 0.3) 18-20 2.88- 3.20 0.26 0.16 
*Dry matter intake (DMI), **DMI in newborn calves is kg of milk substitute, Livestock unit (LU), 
The OMI in beefcattle is influenced by factors such as LW, body condition, energy 
concentration in the ration, health status, and palatability ratio. Young animals may 
eat greater than 3% of OM in terms of their LW as they have a higher maintenance 
energy requirement, while older animals and animals in better body condition have a 
lower dry matter intake approximating 2.7% in terms of their LW (Tenhagen et al., 
1998; Pereda-Solis et al., 2005). The CP content in the beef diets will depend on the 
level of management and the targeted LW gain per day; however, CP content in beef 
diet is 12% in OM basis (Bohnert & Chamberlain, 2004 ). 
Nitrogen intake by goats and sheep (IL3} 
Nitrogen intake by goats and sheep depends on the level of exploitation and herd 
management. In this work, both goats and sheep are considered together because of 
the similar amounts of feed consumed per animal per day. According to Mowlem 
(1992) goats consume approximately from 3.5 to 5 % of OM in terms of their LW. 
Therefore, a 50 kg LW animal that produces 1 kg of milk per day will consume 1. 7 kg 
of OM with a CP content ranging from 12 - 16 %. Hence the annual N intake per LU 
can be calculated by applying Eq. 5.1. 
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The amount of DMI by goats and sheep depends on their productive stage; however 
the variation in N intake in terms of the duration of each stage in a year period is not 
significant in agricultural systems in the Valley of Mexico (Losada et al., 1998a}, and 
thus, a single value for both goats and sheep is considered. For lambs and kids, N 
intake vary according to their age. Data from intensive production systems indicates 
that kids consume approximately 0.75 kg of milk d.1 during the first 2 weeks and, after 
this period, kids consume approximately the same corresponding amount of DM in 
terms of LW (3.5- 5%) than the DM consumed by adult animals. The difference is in 
the CP content in feed (15 - 19 %) in the first three months. Afterwards feed CP 
contents are similar than that for adults. Live weight gain in kids and lambs over a 
year period can be variable, because of factors such as breeds, nutrition, health and 
disease, breeding age and method, and management system (Peacock, 1996). 
Considering these factors, the range of weight gained in a year was estimated to be 
from 25 - 70 kg of LW (Mowlem, 1992). Hence, DM intake by lambs and kids is 
approximately 4% in terms of LW with N content in the diet of 25.6 g kg· 1 DM. 
Assuming that lambs and kids weigh 30 kg after a year, N intake is aproximately 0.6 
kg of DM d-1. This value multiplied by the N content, N intake by lambs/kids is 
approximately 84 kg N LU a·1. 
Nitrogen intake by pigs (IL4, IL5 & /L6) 
Considerable variability is reported in terms of DM and CP intake in pigs. On the one 
hand it depends on the level of exploitation and their physiological stage such as 
gestation and lactation (Close & Cole, 2000). Three pig stages: sows and litters (IL4), 
fattening pigs (IL5) and gills and boars (IL6) were considered in this research. Data 
on DMI and N in feed from the Valley of Mexico according to German-Aiarcon et al. 
(2005) was used. Nitrogen intake in feed for each stage was calculated by using Eq. 
5.1. Estimated N intake by feeding pigs is presented in Table 5.5, these values can 
be modified either by changing the amount of DMI or the CP content in the diet. 
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Table 5.5. Estimated N intake in diet of gestating (G) and lactating (L) pigs; as well as 
rattening, gilts and boars pigs. 
Period OMI [N] N intake N intake 
Pig purpose (days) (kg d'1) (kg kg-1 OM) (kg a·1) (kg LU a·1) 
Sows & litters* G 84 2.0 0.022 
G 28 2.7 0.024 
L 7 3.8 0.026 
L 7 4.5 0.026 
L 21 5.6 0.026 
L 21 4.5 0.026 
Subtotal G+L 168 23.1 26.88 60.49 
Fattening pigs** 140 1.8 0.024 16.12 72.53 
Gilts & Boar*** 365 3.0 0.022 24.53 55.19 
*values base on animals of 200 kg LW; **values based on animals of 100 kg LW; 
***value based on animals of 200 kg LW. 
5.5.3 Nitrogen outputs 
Nitrogen output in milk from dairy cow, goats, and sheep 
Cows milk N content (OL 11) can be either calculated as a function of the DMI per 
animal d'1 or as a function of the N intake (Nennich et al., 2005). Kebreab et al. 
(2001) proposed equations based on N intake to quantify N content in milk under 
specific management practices for temperate climates in the UK. However, these 
systems differ strongly with those lASs found in the Texcoco region, not only 
because of the environmental conditions but also because of the extensive and semi-
intensive level of management. Thus, according to research undertaken in the Valley 
of Mexico on the level of exploitation and herd management in dairy cattle, the N 
content in milk can be estimated using Eq. 5.2 as a relation between milk yield per 
LU d-1 and its N content (Losada et al., 1998a; Alvarez-Fuentes et al., 2003). The 
nitrogen content in goat milk (OL31) was estimated using the same method with 
information from the IAS prototype. 
OL 11 (kg N LU a·1) = milk (kg LU a·1) x [N] (kg kg·1) Eq. 5.2 
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Nitrogen output in meat by dairy animals and beef cattle 
Meat N output (kg kg-1 LW) was estimated in terms of LW exported per annum. In 
dairy cows it was assumed a constant LUs during the year, N output in dairy heifers 
(OL23) was calculated assuming that 50% of the weight gained by dairy heifer in a 
year leaves the component (males}, and 50% remains as dairy cow replacements 
(females). 
Meat or animal N output through goats and sheep 
Live-weight gained by native species of kids and lambs in central Mexico vary from 
50 - 90 g d-1 until day 100 after birth, whereas other breeds such as Alpine, Saanen, 
Toggenburg, Anglonubia and Granadina gain from 118- 230 g d-1 in the same period 
(Mowlem, 1992; Peacock, 1996; Hernandez et al., 2005). Data from the IAS 
prototype, lambs and kids reach approximately 25 kg LW a-1. Hence, animal N output 
was estimated using Eq. 5.3 assuming 50% of probabilities of calving male or female, 
and 1 .3 the probability of calving twins. 
OL34 (kg N LU a-1) = LWfinal x 0.5 x [N] Eq. 5.3 
Where LWfinal was estimated according to a LU (9 goats/sheep) multiplied by the 
probability of calving twins (1.3), and a final LW of 25 kg a·1. [N] in the animal used 
0.0232 kg kg-1 LW (Peacock, 1996). 
Meat N output by pigs 
Nitrogen output through sows-litters and fattening pigs was estimated based on the 
number of sows were assumed to remain constant; while N output in litters (OL42) 
was calculated by estimating the final weight of litters. Considering that in the study 
region, litters weigh approximately 1.5 kg at birth time and gain between 7 - 10 kg 
after 8 weeks (German-Aiarcon et al., 2005). At this stage N content in piglets was 
quantified using the Eq. 5.4. 
OL42 (kg N LU a-1) = LWfinal x [N] Eq. 5.4 
Where final LW of litter corresponds to 7 kg, weight in which they are weaned. 
Nitrogen content per animal is approximately 0.024 kg kg-1 LW, assuming 8 piglets 
per litter and two parturitions LU a-1. Nitrogen output in fattening pigs (OL52) was 
estimated by considering the final commercial LW (1 00 kg) which pigs reach after 4.5 
- 5.0 months. Under this assumption, two fattening cycles are considered in a year 
period. Thus, N exported by fattening pigs was figured using Eq. 5.4. 
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Nitrogen excreted by dairy and beef cattle including manure and dung 
Nitrogen excreted by dairy cows has been extensively studied in Europe. For 
example, Kebreab et al., (2001) showed a relationship between N intake and total N 
excreted (urine and faeces expressed as g d-1 in temperate climates (Eq. 5.5). These 
equations were developed from experimental data with N intakes ranging from 300 -
600 g d-1. According to the estimated N intakes by dairy cows in the Valley of Mexico 
(Losada et al., 1998a; Alvarez-Fuentes et al., 2003), N intake varies from 300 - 500 
g d-1. Therefore assuming no differences due to genetic and environmental factors 
dairy cow N excretion adjusted equations proposed by Kebreab et al., (2003) can be 
used to quantify annual N excretion. 
OL 12 (kg N LU d-1) = ((0.0052 x N;ntake 17)+(78 + 0.15 x N;ntake))/1 000 Eq. 5.5 
Nitrogen excreted by dairy heifer and beef cattle was estimated according to the 
equation (Eq. 5.6) proposed by Nennich et al., (2005). N excreted in dairy heifer was 
calculated base on data sets from five universities in the US, using as predictors OMI 
and CP in animal diets. For this N flow model approach, due to similarities in 
excreted N, dairy heifer and beef cattle are considered together. 
OL21 (kg LU d-1) = [(OM I (kg OM d-1) x CP (g g-1 OM d-1) x 78.39 + 51.4 )]/1 000 
Eq. 5.6 
Live weight for heifers in the data set (Nennich et al., 2005) was 437 kg and the 
range of LWs were from 274- 613 kg. In this work, the LU is 450 kg LW; so the 
resulting equation can reasonably be assumed to explain the N excretion by a LU in 
the Texcoco region. 
Nitrogen excreted by goats and sheep 
Nitrogen excreted by goats and sheep was considered together and calculated with 
Eq. 5.7. The quantity and quality of manure depends on the quantity and the quality 
of the diet. According to Peacock (1996) goat and sheep of 50 kg LW produce 
approximately from 0.5 - 1.0 kg of OM of manure d-1. Hence, assuming that 0. 75 kg 
of OM is excreted per animal d-1 with 0.015 kg TN kg-1 OM, one LU of goats and 
sheep will excrete approximately 37 kg TN a-1. Note that the N content in manure 
could vary from 0.015 - 0.030 kg kg-1 of manure in terms of OM. A similar amount of 
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N output is considered for lamb and kids; though in subtropical countries these 
figures could vary depending on the intensity of management. 
Eq. 5.7 
Excreted N in pigs 
Nitrogen excreted through manure and urine by sows and litter (OL41 ), fattening pigs 
(OL51) and gills and boars (OL51) depends on factors such as exploitation purpose, 
breed, physiological stage, management and the quality of diets (German-Aiarcon et 
al., 2005). In this research, an equation was generated by using the data published 
by Otto et al. (2003) on N balance in growing pigs fed with reduced protein 
concentration diets at Michigan State University. A linear equation which predicts the 
N excreted according to the N intake was generated (Eq. 5.8). Nitrogen intake used 
in Eq. 5.8 was the N intake previously calculated in section 5.5.2. 
OL41 (Kg N LU a·1) = [( -11.4 + 0.692 x N;ntake) x 365]/1 000 Eq. 5.8 
Where N;ntake (g kg-1 OM), OL51 = 100 kg, OL41 = 200 kg) 
Ammonia emission in livestock 
Total ammoniacal N (TAN) in excreted manure and urine has been suggested by 
Webb and Misselbroock (2004) to be used to quantify NH3 emissions in livestock. 
Hence, TAN content in manure was used according to the TAN estimated by the 
National Ammonia Reduction Strategy Evaluation System Ammonia Emission Model 
(NARSES-EM) in the UK. The Eq. 5.9 is a simple function used to calculate annual 
ammonia N volatilization for each type animal included in the predictive framework. 
OL 13 (kg NH3 LU a·1) = OL 12 (kg N LU a·1) x TAN (kg kg-1) Eq. 5.9 
5.6 Manure management component 
5.6.1 Defined variables and assumptions 
Defined input and output variables are listed in the Table 5.6. The vermicomposting 
process is divided in two phases (details shown in Chapter 4). The duration of Phase 
I and Phase 11 were 30 and 45 days respectively. lt was assumed a 50% mass 
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reduction at the end of vermicomposting compared to the initial net mass (Capistran 
et al., 2001 ). Leaching and runoff were not considered because they are not major N 
losses in these systems. Worms are assumed to be an intrinsic part of the IAS 
prototype and hence are not considered in the equation for quantifying the N flow. 
5.6.2 Selected nitrogen inputs: formulae and conversions 
Nitrogen input in Phase I and Phase 11 during vermicomposting is equal to the sum of 
N (kg) input through organic materials (MAT) and water (WAT), minus the sum of 
nitrogen (kg) output through the product as vermicompost (VCMp) and the main 
forms of gaseous nitrogen emissions (NH3 and NzO) during the process. Eq. 5.10 
was used to quantify theN flow balance. 
Nbalance = L NMAT + NwAT - L NvcMp + AEcoM + NOEcoM + AEvcM + NOEvcM 
Eq. 5.10 
Where NH3 emission during Phase I (AEcoM) and Phase 11 (AEvcM) and NzO 
emission in Phase I (NOEcoM) and Phase 11 (NOEvcM) were estimated (see details in 
Section 5.6.3). 
Organic material (MAT) 
Dairy cow manure (DCM), farm yard manure (FYM), sheep & goat manure (SGM), 
grass clippings (GRC), gramineae straw (GST) and maize stover (MZS) are the most 
common materials in the study region. Hence, N input in crop material was calculated 
using Eq. 5.11. While the N content for each material was calculated by considering 
the individual N content mentioned in Table 5.7 using Eq. 5.12. All calculations were 
performed on dry mass (OM) basis. 
NMAT = L NocM + NFYM + NsGM + NGRC + NGsT + NMzs + NwAT Eq. 5.11 
NocM = MassocM x [N]ocM Eq. 5.12 
Where MassocM is the corresponding mass of DCM (kg OM), [N]ocM is N content in 
DCM (kg kg·1 OM). 
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Table 5.6. Defined variables considered for the predictive framework for N flow 
during vermicomposting. 
Variable 
N Inputs 
Material (OM) (kg N kg· 1 OM) 
Dairy cow manure (kg N kg·1 OM) 
Cattle FYM (kg N kg·1 OM) 
Sheep & goal manure (kg N kg·1 OM) 
Grass clippings (kg N kg·1 OM) 
Gramineae straw (kg N kg·1 OM) 
Maize slaver (kg N kg·1 OM) 
Water (kg N kg·1 water) 
N Outputs 
Vermicomposl (kg N kg·1 OM) 
NH3 emission-Phase I (kg N kg., TN) 
NH3 emission-Phase 11 (kg N kg·1 TN) 
N20 emission-Phase I (kg N kg·1 TN) 
N20 emission-Phase 11 (kg N kg·1 TN) 
Nitrogen input in water (WA T) 
Label 
MAT 
DCM 
FYM 
SGM 
GRC 
GST 
MZS 
WAT 
Label 
VCMp 
AEcoM 
AEvcM 
NOEcoM 
NOEvcM 
TN content (range) 
(kg N kg·1 OM) 
0.017 (0.005-0.0283) 
0.018 (0.0111-0.0259) 
0.015 (0.015-0.0268) 
0.015 (0.02- 0.06) 
0.005 (0.003- 0.01) 
0.006 (0.002-0.01) 
5 X 10·6 (10 X 10"6) 
Algorithm and equations used 
0.020 0.011 - 0.025 
y = 0.0612 + 22.0*NH3 
Emission factor= 0.061 
y = 0.0122- 0.0134*AEcoM 
y = 0.0127- 0.0122*AEvcM 
Water content during vermicomposting is recommended to be kept at approximately 
65% during Phase 1 and 80% in Phase 11 (Santamaria-Romero et al., 2001 a; Michel 
et al., 2004; Koenig et al., 2005). Nitrogen input in WAT was calculated by multiplying 
the amount of water per its N content, assuming the water relation 1:1 v:w. In the 
Texcoco region the amount of water used during Phase I and Phase 11 of 
vermicomposting varies depending on the season and the composting method. 
Evaporation in Phase I varies widely depending on the type of material, the shape of 
the pile, the aeration rate, the particle size and the weather conditions. According to 
Capistrim et al., (2001) approximately 6 kg of water are needed to produce 1 kg OM 
of vermicompost using organic material from coffee processing in Veracruz Mexico. 
In general N input through WAT is low in terms of TN input. The Eq. 5.13 was used 
assuming a factor of 6 kg of WAT kg·1 OM (vermicompost). 
NwAT = MassvcM x 6 x [N] Eq. 5.13 
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Table 5.7. Total N (TN) and organic carbon (OC) content in different organic 
materials. 
Organic material TN content NH4 + uric acid OC C:N ratio 
(kg kg·1 OM) (kg kg·1 OM) (kg kg·1 OM) 
Cattle FYM - fresh 0.024 0.006 0.41 17 
Cattle FYM - old 0.024 0.002 0.41 17 
Sheep FYM - Fresh 0.020 0.006 0.40 20 
Dairy Cow 
0.020 0.003 0.40 20 
stockpiled 
Pig FYM - fresh 0.028 0.007 0.40 14 
Pig FYM -old 0.028 0.003 0.40 14 
Layer manure 0.050 0.025 0.50 10 
Broiler/Turkey litter 0.048 0.022 0.50 10 
Wheat straw 0.0005 0.38 80 
Grass clipping 0.0150 0.002 0.35 23 
Pig slurry 0.0100 0.009 
Sugarcane trash 0.0008 0.002 0.40 50 
Vegetables 
0.0019 0.003 0.35 18 
residues 
Alfalfa hay 0.0030 0.004 0.40 13 
Digested municipal 
0.0045 0.004 0.31 7 
sewage sludge 
Source: Rynk, et a/.,(1992); Chambers et al., (1999); Tiquia and Tam (2000); 
Peacock ( 1996). 
5.6.3 Nitrogen outputs: formulae and conversions 
Nitrogen content in vermicompost (VCMp) 
The N content in vermicompost (VCMp) varies according to the substrate's quality. 
Thus assuming 50% reduction in terms of the initial mass, the final N content in 
vermicompost ranges from 0.019 - 0.025 kg kg-1 OM (Table 5.8). Nitrogen 
concentration of 0.02 kg N kg-1 was employed and the N content calculated using the 
Eq. 5.14: 
NvcMp (kg kg-1 OM) = VCMp x [N] Eq. 5.14 
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Where NvcMp is referred to N concentration in vermicompost, VCMp is the 
corresponding mass of vermicompost (kg OM) and [N] the N content. 
Table 5.8. Nutrient content in composts and vermicomposts from the literature and 
chemical analysis in the IAS prototype (IASp) in Texcoco region. 
Nutrient content Compost Vermicompost 
(a) {b) (c) (c) (d) I ASp 
N (g kg- 1 OM) 10.6 25.0 18.0 20.0 25.0 19.0 
P (g kg-1 OM) 3.9 17.0 15.0 15.0 9.6 15.0 
K (g kg- 1 OM) 11.1 26.0 20.0 22.0 20.0 
pH ( 1 :2, compost: 8.1 8.2 8.6 8.5 6.5 8.0 
water) 
EC (1 :5, compost: 3.7 13 7.8 8.0 9.0 
water; dS m"') 
C:N ratio 16 18 20 19 
Source: (a) (De Leon-Gonzalez et al., 2000); (b) (Velasco-Velasco et al., 2004); (c) 
(Santamaria-Romero et al., 2001 b); (d) (Vigueros & Camperos, 2002). 
Ammonia emission during Phase I (AEcoM) and Phase 11 (AEvcM) 
Data from the experimental phase generated in this research and data from the 
literature (Table 5.9) were used to quantify NH3 emission during vermicomposting. A 
regression equation using as the predictor the ammoniacal concentration was 
calculated. In this regard models have been proposed to predict ammonia emission 
during composting. For instance, Ekinci et al. (2000) showed equation Eq. 5.15 to 
predict NH3 emission using C:N ratio and pH as predictor in a study conducted using 
paper fibre with broiler litter. 
Cumulative NH3 emission (g kg-1 N) = -203-7.09 x C:N + 82.5 x pH Eq. 5.15 
Elevated values of NH3 emission are predicted using Eq. 5.15 because it was 
generated using material rich in ammoniacal N. lt is known that high ammoniacal N 
content in the substrate leads to high NH3 emissions (Dewes, 1995; Balsari et al., 
2004; Liang et al., 2004; Pagans et al., 2006; De Guardia et al., 2008). Paillat et al., 
(2005) proposed Eq. 5.16 based on a C and N biodegradability study during 
composting of animal waste. 
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Cumulative NH3-N emission= 643.7 + 16.38SN- 0.903SH-VS Eq.5.16 
This equation (Eq. 5.16) is difficult to use in field condition due to soluble N (SN) and 
soluble hemicelluloses-like fractions (SH-VS) are quite specific variables that need to 
be available in field conditions. Hence, an equation which uses initial NH4 content as 
the predictor was generated, using data from the literature (Table 5.9). Figure 5.4 
shows the relationship between NH3 emissions and the initial NH4 concentration in 
the substrate. The regression analysis showed statistical significance (P < 0.05) 
when NH3 emission was predicted (Eq. 5.17) using the initial NH4 nitrogen content in 
the material. 
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Figure 5.4. Relationship between NH3 emissions based on the NH4 concentration in 
the substrate (R2 = 80.1%). 
Ammonia emission during Phase 11 (AEvcM) was computed from the experimental 
data shown in Chapter 4. 
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Table 5.9. Ammonia and nitrous oxide emissions of different materials during composting (COM) according to the literature and this 
research. 
Type of material Initial TN Initial NH. Org. C C:N AE* NOE** Duration AE+NOE Author 
(kg kg·' DM) (kg kg-' DM) (kg kg-1 DM) ratio (kg N) (kg N) (days) (kg N) 
Sheep manure 0.020 0.006 0.400 20.0:1 0.214 0.010 30 0.224 This research 
sheep manure 0.016 0.005 0.420 26.0:1 0.201 0.010 30 0.211 This research 
Cattle manure 0.018 0.006 0.442 24.8:1 0.180 0.010 112 0.190 Parkinson et al. (2004) 
Cattle manure 0.019 0.006 0.426 22.3:1 0.020 0.012 133 0.032 Parkinson et al. (2004) 
Cattle FYM 0.032 0.012 0.442 13.1:1 0.108 0.011 16 0.119 Dewes (1999) 
Cattle FYM 0.016 0.006 0.443 26.7:1 0.059 0.011 16 0.070 Dewes (1999) 
Household waste + straw 0.017 0.009 0.380 22.0:1 0.330 0.008 31 0.338 Beck-Friis et al. (2001) 
Household waste + straw 0.017 0.010 0.380 23.0:1 0.230 0.009 22 0.239 Beck-Friis et al. (200 1) 
Beef cattle manure 0.018 0.002 0.450 25 0:1 0.110 0.010 90 0.120 Misselbrook et al. (2000) 
Pig manure+ 0.013 0.006 0.401 29.0:1 0.159 0.009 28 Paillat et al., (2005) 
0.013 0.006 0.401 29.0:1 0.165 0.011 56 0.176 
Wheat straw + 0.016 0.009 0.412 24.7:1 0.270 0.008 28 Paillat et al. (2005) 
0.016 0.009 0.412 24.7:1 0.275 0.010 56 0.285 
Sawdust+ 0.024 0.013 0.420 17.6:1 0.385 0.006 28 Paillat et al. (2005) 
0.024 0.013 0.420 17.6:1 0.387 0.010 56 0.397 
Sugarcane molasses 0.021 0.019 0.420 19.0:1 0.478 0.005 28 Paillat et al. (2005) 
0.021 0.019 0.420 19.0:1 0.489 0.007 56 0.496 
+ Pig slurry + 0.023 0.016 0.456 19.5:1 0.357 0.007 28 Paillat et al. (2005) 
0.023 0.016 0.456 19.5:1 0.362 0.008 56 0.370 
Urea+ 0.023 0.017 0.485 21.2:1 0.469 0.006 28 Paillat et al. (2005) 
0.023 0.017 0.485 21.2:1 0.479 0.007 56 0.486 
Water 0.022 0.014 0.440 19.6:1 0.243 0.009 28 Paillat et al. (2005) 
0.022 0.014 0.440 19.6:1 0.248 0.012 56 0.260 
0.023 0.017 0.450 19.5:1 0.233 0.008 28 Paillat et al. (2005) 
0.023 0.017 0.450 19.5:1 0.249 0.010 56 0.259 
*Ammonia emissions (AE); **Nitrous oxide emissions (NOE). 
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Nitrous oxide emission during Phase I (NOEcoM) and Phase 11 (NOEvcM). 
A linear regression equation (Eq. 5.18) using NH3 emission as the predictor from the 
data set in Table 5.9 was generated. Figure 5.5 shows the relationship between NH3 
and N20 during composting. 
NOEcoM = 0.01224 - 0.01343 X NH3 emission Eq.5.18 
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Figure 5.5. Relationship between NH3 emission and potential N20 emissions during 
composting of different types of organic material and manure (R2 = 91.2%). 
Nitrous oxide emissions during Phase 11 (NOEvcM) was computed by a regression 
equation (Eq. 5.19) using data from the experimental phase in this research (Chapter 
4) and data from the literature. Figure 5.6 depicts the relationship between N20 and 
NH3 emission. 
NOEvcM = 0.0127 - 0.0122 X NH3 emissions Eq.5.19 
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Figure 5.6. Relationship between ammonia emission and potential N20 emissions 
during vermicomposting (Phase 11) of different types of organic material and manures 
(R2 = 73.1 %). 
Nitrogen output through leaching and runoff (LCH) 
Nitrogen leaching during Phase I and Phase 11 under field conditions are closely 
related to the balance between precipitation-evaporation, the type of material used as 
substrate and the management practices during the process. Nitrogen leaching 
ranges from 0.008 - 0.196 kg N kg· 1 of initial TN during composting for several 
substrates (Martins & Dewes, 1992; Dewes, 1995; Sommer & Dahl, 1999). These 
results are cited for countries where precipitation is usually higher than evaporation. 
In tropical regions such as the Valley of Mexico evaporation exceeds precipitation in 
most of the year (Figure 5.7). Hence, nitrogen leaching was considered to have little 
or no significance in relation to total N losses. Therefore, N leaching was not included 
in the predictive framework for N flow during vermicomposting. 
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Figure 5.7. Precipitation and evaporation during 2007 in the Texcoco region. Source: 
meteorological station data base in the Colegio de Postgraduados. 
5.7 Soil-cropping component 
5.7.1 Selected variables and assumptions 
The number of crops included for the N flow in the soil-cropping component 
corresponded to those typically cultivated in the region (see Chapter 3). For example; 
Corn maize (Cm), forage maize (Fm), alfalfa, forage oats (Fo) and vegetables 
(lettuce, onion, broccoli and courgette). Nitrogen inputs and outputs variables are 
displayed in Table 5.10. 
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Table 5.1 0. Defined variables evaluated in the cropping component (kg N ha-1 a-1 ). 
VARIABLE 
INPUTS 
Biological N fixation 
Seed 
Rainfall 
Irrigation water 
Manure management 
Fertilizer 
Mineralization 
OUTPUTS 
Harvestable 
straw 
crop 
Ammonia volatilization 
Leaching 
Erosion & runoff 
& 
Label 
IC1 
IC2 
IC3 
IC4 
IC5 
IC6 
IC7 
0 
OC1 
OC2 
OC3 
OC4 
Assumptions 
Biological N Fixation was calculated as a proportion of the N 
uptake by crops annually 
Typical doses of seed were considered 
Rainfall water partition was assumed to be 75% as input to 
rain-fed crops and 25 % to irrigated crops 
Irrigation water was considered only for annual crops (alfalfa, 
grassland) and those crops cultivated out of the rainy season 
(i.e. vegetable, forage oats, forage maize) 
Manure management as "fresh" and "old" manure are assumed 
to be stored one and twelve months respectively 
Manure and vermicompost mineralization ratio for the first, 
second, third and fourth year after application. 
Fresh manure: 0.45, 0.15, 0.10 & 0.05 kg kg-1 of applied N 
Old manure: 0.35, 0.15, 0.10 & 0.05 kg kg· 1 of applied N 
Vermicompost: 0.20, 0.20, 0.10 & 0.05 kg kg-1 of applied N 
(Eghball, 2000; Nufiez-Escobar, 2007) 
Marketable crop and the surplus of animal feed are considered 
as exported N, the remainder enter to internal N transfers 
Defined based upon literature review and expert judgment 
Defined based upon literature review and expert judgment 
Defined based upon literature review and expert judgment 
5. 7.2 Nitrogen inputs: formulae and conversions 
Biological N fixation 
Biological N fixation is variable and it depends on factors such as soil inorganic 
nitrogen content and mineral N fertilization, soil water availability, soil temperature, 
genotype, seeding rates and defoliation intensity in grassland (Peoples et al., 1995). 
Empirical models have been used in temperate climates to calculate symbiotic 
nitrogen fixation by legume species in grassland systems. For example, Hogh-
Jensen et al., (2004) stated that approximately 41 kg N Mg-1 of DM harvested in 
clover is symbiotically fixed in systems with low fertilizer application rates. For similar 
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systems but different intensity of management, Cuttle and Jarvis (2005) gave values 
of 10 and 20 kg N ha-1 a·1 in grasslands with "low" and "moderate" abundance of 
white clover respectively and fertilizer application rates ranging from 186 - 324 kg N 
ha-1 a·1. Nitrogen fertilizer in agricultural soils strongly affects biological N fixation, 
due to the large energy demand of BNF a plant will preferentially absorb mineral N, 
especially NH4 +when it is readily available rather than fixing N2 (White, 2006). 
Nitrogen fixation by alfalfa in Northern Mexico has been estimated to range from 135 
- 335 kg N ha-1 a·1 (Russelle & Birr, 2004). Similarly, ranges from 232- 488 kg N ha-1 
a·1 are given for other locations (Tiaxcala, Dolores Hidalgo Guanajuato, Patzcuaro 
Michoacan, Actopan Hidalgo and Nuevas Casas Grandes Chihuahua) (Crews, 
1993). In addition experimental data on BNF in annual subterranean clover-based 
pastures quoted ranges from 50 to 125 kg ha-1 in clover shoot biomass (Bolger et al., 
1995). Due to the wide range of N fixation in cropping systems, ranges of N fixed in 
the study region according to published information are displayed in Table 5.11. 
Table 5.11. Biological N fixation (kg ha-1) in different crops in terms of low, medium 
and high fertilizer application rates (kg N ha-\ 
Crops Range of fertilizer application rates 
Low (0-40) Medium (40-100) High {>100) 
Gramineae 50-100 20-50 <20 
Legumes 150-500 30-150 <30 
Grassland (Lg & G) 100-200 30-100 <30 
Vegetables 40-70 15-40 <15 
Legumes & gramineae (Lg & G), Sources: (Crews, 1993; Peoples et al., 1995; 
Almaraz-Suarez & Ferrera-Cerrato, 2007; Nunez-Escobar, 2007). 
In this research BNF was calculated according to the typical values reported in the 
literature. For legume crops (alfalfa) the equation (Eq. 5.20) proposed by Carlsson 
and Huss-Danell ( 2008}, and for non-legume crops Eq. 5.21 was used. 
BNF in alfalfa (kg N) = 0.021 x OM (kg ha-1 a·1 ) Eq. 5.20 
BNF in gramineae & vegetable (kg ha-1) = 59.651e-0002x Eq. 5.21 
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Where DM in Eq. 5.20 is the alfalfa dry matter, while x in Eq. 5.21 is the fertilizer 
application rate 
Nitrogen input by seed (IC2) 
Nitrogen input by seed depends on the application rate (kg ha-1) and the N content in 
the seed. Seed rates recommended for the Texcoco region with the corresponding N 
content according to published information in the National Nutrient Database for 
windows (USDA, 2004) were used by applying Eq. 5.22. 
IC2 (kg N ha·1) = seed (kg ha·1) x [N] (kg kg-1 ) Eq. 5.22 
Nitrogen input through rainfall water (IC3) 
Nitrogen deposition by rainfall water varies within the valley of Mexico. Fenn et al. 
( 1 999) estimated a range of N (N03 and NH4 ) dissolved in rainwater from 5.5 - 18.5 
kg N ha-1 a·1 in the eastern forest area of the valley of Mexico. Velasco-Saldana 
(2002) quantified concentrations of N03 in rainwater ranging from 3.15 - 31.5 kg ha-1 
a·1 in the valley of Mexico, and Cristobai-Acevedo (2007) reported 33.4 kg N ha-1 a·1 
input to soil through rainfall water in the Texcoco region. Therefore, 30 kg N ha·1 a·1 
was considered as typical input from rainfall water. 
Nitrogen input through irrigation water (IC4) 
Edmunds et al. (2002) quantified N03 content in irrigation water from 0.2 to 4.4 g m·3 
following analysis of 26 boreholes beneath Mexico City. For the predictive framework 
1 g m·3 was considered as mineral N content for irrigation water, and the N input (kg 
ha-1) was calculated according to the corresponding amount of water used for each 
crop (Eq. 5.23). For example, alfalfa is irrigated with approximately 14.8 x 103 m3 ha-1 
a·1 so that N input is approximately 14.8 kg N ha-1 (Bolanos, 1 999). 
IC4 (kg N ha-1) = [N] irrigation water (kg m3) x Volume (m3) Eq. 5.23 
Nitrogen input by manure and vermicompost (IC5) 
Nitrogen input through organic fertilizers was calculated by the predictive framework 
for N flow, according to application rates and the N content in the material using Eq. 
5.24. The predictive framework estimates the N flows for three manure management 
systems: "old manure", which is defined as the manure stored for more than a month 
(typically six months or more), "fresh manure" defined as manure less than one 
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month stored, and vermicompost which is a potential method for manure 
management in the Texcoco region. 
IC5 (kg N ha-1) = kg organic fertilizer per ha x [N] in the material Eq. 5.24 
Nitrogen input by fertilizer (IC6) 
Inputs through fertilizers vary according to the level of management and the targeted 
crop yield. Smallholders commonly apply low fertilization rates(< 50 kg ha-\ and the 
most common fertilizers are urea, ammonium nitrate and ammonium sulphate. 
Accordingly, for the predictive framework N fertilizer is considered as an independent 
variable, and it can be fixed according to the cropping system in study. According to 
the collected information by the reconnaissance survey, only fertilizers application 
rates lower than 140 kg ha-1 a-1 were evaluated in lASs. 
Nitrogen input by mineralization (/Cl} 
Nitrogen mineralization (Nm;n) from soil organic matter (SOM) and crop residues 
(roots and stem/crown) were considered in the predictive framework. Mineralization 
from SOM was calculated using data on N content in soils from the Texcoco region 
using universal equations (Brady & Weil, 2002). Mineralization rates from 0.020 -
0.035 kg mineral N kg-1 TN are typical for coarse-textured soils, slightly higher values 
are typical in warm climates and lower values are typical in cool climates (Brady & 
Weil, 2002). Mineralized N in the study region was estimated by Eq. 5.25. 
Nmin (kg ha-1 a-1) =soil mass ha-1 x [N] per kg-1 soil x 0.025 
The N contribution through root and stem (crop residues) was assumed to be a 
proportion of the total harvested OM, and was calculated by considering the harvest 
crop index {HI). Research on the contribution to soil of N from crop maize residues in 
the valley of Mexico quoted approximately 0.15 kg OM kg-1 of the total above-ground 
OM through root and 0.1 kg kg-1 through stem (Perez-Oivera et al., 2000). According 
to this author the N content input by residues was calculated assuming the 
mineralization rate of those materials is approximately 0.35 kg kg-1 TN a-1 . 
Consequently accumulated N was figured using Eq. 5.26. 
Nacc (root & stem) =total OMroot X 0.15 X [N] content (0.017) + (total OMstem X 
0.1) x [N) content (0.005). Eq. 5.26 
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Immobilization of N (Nimb) is a process that affects N availability and therefore the N 
uptake by plants. Vivanco-Estrada et al. (2001) suggested that 0.05 kg N kg·1 can be 
immobilized by the SOM in terms of the total N input in lASs in central Mexico. Hence 
this factor was used to calculate the accumulated N in the SNP. 
5.7.3 Nitrogen outputs 
Harvestable crop (OC1) 
Crop yields were based on the Mexican Agricultural Ministry (SAGARPA) data base. 
Likewise, research conducted on the effect of crops to different N fertilization rates in 
the study region was used. Equations based on the crop yield and their responses on 
mineral N were used in the predictive framework (Table 5.12). Quantification of crop 
biomass (OM) production, the harvest index (HI) and the typical OM content in the 
marketable product and the corresponding total biomass was considered. The HI 
defined as marketable product (kg OM ha-1) divided by total crop biomass (kg OM ha· 
1 ). Notice that vegetable yields are grouped based on their regional response to N 
fertilisation rates according to the literature and expert judgment. 
Nitrogen output by NH3 volatilization and denitrification (OC2) 
Ammonia volatilization in the soil-cropping system was calculated as a percentage of 
the TN applied by manure and fertilizer. Ammonia volatilization is approximately 9 -
12 % in central Mexico (Vivanco-Estrada et al., 2001 ). In relation to total N inputs, 
Estrada-Botello et al. (2002) estimated in relation to total N inputs that 60% is 
consumed by plants, 20% is loss by volatilization and denitrification, 5% through 
immobilization, 3% by surface run-off losses, and 12% by leaching from the 
unsaturated zone into the water table. Thus the predictive framework in this research 
used a value of 0.2 kg kg-1 N in terms of the TN inputs. 
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Table 5.12. Yield equations expressed in kg OM ha-1 of harvestable crop, based on 
typical N fertilizer application rates in the Texcoco region. 
Crop Input equation Harvest 
index 
Corn maize (Cm) y = 378.5+31.99N -0 02394N 0.35 
Forage maize (Fm) (< 151 kg N ha-1) y =10.9+0.059N -0.00018'kg N' 0.40 
Forage maize (Fm) (> 151 kg N ha-') y =20.6+0.002N 0.40 
Forage oat (Fo) y =802+8.3N 0.33 
Alfalfa (Mg OM ha·' a·') y =11445+125.87x -0.1824x' 1.00 
Grassland y =9314.8+91.15x -0.0366x' 1.00 
Vegetables (<40, <100> kg N ha-1 ) <40 =1000; <1 00 = 1500; >1 00 = 2000 0.50 
Source: Perez-Oivera, (2000); (Camacho-Garcia & Garcia-Muiiiz, 2003); SAGARPA, (2005); Amado-
Aivarez and Ortiz-Franco (2001 ). 
Leaching N output (OC3) 
McNeill et al. (2005) stated that N leaching either from fertilizer or manure is affected 
by climate, soil type, geo-hydrological conditions, crop species, timing and fertilizer 
application rate. In Mexico, in the "Mezquital Valley" located in the Mexican state of 
Hidalgo, N leaching was estimated to be around 9% of the TN input (Vivanco-Estrada 
et al., 2001 ). Nitrogen leaching is directly correlated to the rate of N input; estimated 
of N losses ranges from 14 - 26% in terms of mineral fertilizer (urea) in the wheat 
cropping systems under irrigation regimes in the north-western region of Mexico 
(Riley et al., 2001 ). Consequently, 0.09 kg kg-1 of the total N applied was assumed to 
be lost through leaching in crops cultivated in the rainy season or under irrigation. 
Nitrogen output by erosion and runoff (OC4) 
Soil losses by erosion in the valley of Mexico vary according to the slope, soil 
management, ground cover, rainfall distribution and intensity (Pilbeam et al., 2000). 
In the upper part of Texcoco's river basin losses of soil from 9- 16 Mg ha·1 a·1 have 
been reported (Arias, 1992). Similarly, soil losses of 46.7 Mg ha-1 a·1 in the reclaimed 
"tepetate" (deep ripping) have been reported, in comparison with losses from natural 
undisturbed tepetate of only 8.4 Mg ha-1 a·1 (Ventura et al., 2001 ). Other research 
affirms soil losses from 16 Mg ha·1 a·1 in a land-scale run-off plot near Texcoco 
(Barthes et al., 2000). According to Barthes et al., (2000), the N content in these soils 
range from 0.16 to 0.28 g N kg-1 soil. lt is likely that in the upper part of the valley with 
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slopes >2.5%, major N losses could occur (13.4 to 106.4 kg N ha-1 a-1). However the 
magnitude of soil losses in agricultural lands depends on the potential of rain and 
wind to erode and the susceptibility of a soil to erosion (White, 2006). Most 
agricultural systems in the valley are present on slopes of less than 2%, which 
means that N losses through water erosion are less likely than in the upper part; 
hence a value of 5 kg N ha-1 is assumed to be lost by erosion annually. 
5.7.4 Nitrogen use efficiency indices 
The predictive framework calculates N use efficiency indices in terms of productivity 
(0/1 ratio) and environmental performance such as N losses (N 1osses). N accumulated 
(Nacc) and change of SNP (L'.SNP). General equations shown in Table 5.13 are linked 
and related in the predictive framework and the results are summarized in the 
example output sheet (Figure 5.1 0). 
Table 5.13. Mass balance general equation applied to estimate NUE related indices 
in the predictive framework development. 
NUE indices 
0/1 ratio 
Nitrogen losses 
Livestock 
Manure management 
Vermicomposting 
Fresh and old manure 
Crops 
Accumulated N 
Change in SNP 
Equation 
Off ratio = l:exported animal product + exported animal feed + 
exported harvested crop/ l:imported animal feed + imported manure 
+ IC1 + IC2 + IC3 + IC4 + IC6 
Ntoss = L N1055 livestock + Ntoss manure management + Ntoss crop 
N1oss = l:OL 13+0L22+0L33+0L43+0L53+0L62+0L73 
N1055 = Ntoss fresh manure + N1055 old manure + Ntoss Vermicompost 
Ntoss = l:AEcoM + AEvcM + NOEcoM + NOEvcM 
N content in fresh and old manure in the Texcoco region were used 
Ntoss = l:OC2 + OC3 + OC4 
Nacc = (Eq. 5.26) 
L\SNP = Nacc (Eq. 5.26)- Nm;n (Eq. 5.25) 
The impact of selected management practices on N inputs, outputs and NUE indices 
was conducted by applying the predictive framework and the scenario analysis as 
discussed in Chapter 6. Also the predictive framework was applied to assess the 
impact of current management practices in the surveyed lASs in the Texcoco region 
(Chapter 7). 
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5.8 Approach to develop the Excel-based spreadsheet 
The development of the predictive framework in the Excel spreadsheet followed 
similar arrangements to the design adopted for the formulae and calculation 
description presented in previous sections of this chapter. In the spreadsheet, N 
inputs and outputs were organized in three subroutines: livestock (Figure 5.8a}, 
manure management by vermicomposting (Figure 5.8b) and soil-cropping system 
(Figure 5.9). The soil cropping system was designed as a 'master input sheet' 
because of the links and relation with the livestock and manure management 
subroutines. In the 'input master sheet' the IAS characteristics such as crop 
sequences, manure management and livestock type and stocking density can be 
defined. 
The specified characteristics of integrated agricultural systems can be modified 
according to the particular farm case study, as shown in Figure 5.9. For example, the 
type of crop can be chosen from a 'drop down menu'. The internal and external 
subroutines showed in Figure 5.9 referred to manure management (internal flow or 
imported}; which is linked to the livestock and manure management subroutines. For 
example, if manure is applied within the farm (internal flow), there is a link to the 
livestock subroutine (by a 'go to' cell), to select animal type and stocking density 
(Figure 5.8a). The resulting outputs can be computed with all the selected 
management strategies. Conversely, if manure is imported, then the external 
subroutine is applied by selecting the source of manure (dairy cattle, beef cattle, 
sheep, etc.), type of manure (type in this case it is referred to old, fresh or 
vermicompost) and the amount of imported manure (see Figure 5.9). Also manure 
management can be chosen from a drop down menu next to each characteristic in 
the 'input master sheet'. 
Results are sent automatically to an 'output master sheet' using the 'write results 
button' (see bottom right corner of the screen Figure 5.9). For example, output data 
of the nitrogen use efficiency (NUE) indices are shown in Figure 5.1 0. An example of 
the complete 'output master sheet' and a brief explanation on the computing program 
is shown in the Appendix B. 
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56 Livestock N subroutine 
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58 INPUT (N intake) kg N LU a·• 
59 Dairycow IL1 105.12 
60 Dairy heifer & Beef cattle IL2 86.92 
61 Goat & sheep IL3 110.38 
62 Sows & litters to 7 kg IL4 60.49 
63 Fattening pigs IL5 72.53 
64 Gills & boars IL6 55.19 
65 Poultry (PU) IL7 91 .57 
66 
67 Output 
68 N output in milk OL11 29.08 
69 N excreted (urine & dung) OL12 73.48 
70 NH3 emission OL13 13.67 
71 OL1a/u 2.56 
72 N excreted (urine & dung) OL21 66.83 
73 NH3 emission OL22 0.00 
74 N animal OL23 10.05 
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9 Grass clippings IV4 0.015 0.0 
10 Gramineae straw N5 0.005 0.0 0.0 
11 Maize stover IV6 0.006 0.0 
12 Water IV7 0-()()()()()5 11362.6 0.1 
13 OUTPUT 54.0 
14 vermicompost-product OV1 0.02 1893.8 37.9 
NH3-N emission (Phase 1: 30 
15 days) OV2 0.193 11.3 
NH3-N emiss1on (phase 11: 45 
16 days) OV3 0.061 3.6 
N>O-N emission (Phase 1: 30 OV4 0.010 0.6 17 days) 
N20 -N emission (phase 11: 45 
16 days) OV5 0.012 0.7 
19 N unaccounted OV6 4 .5 
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Figure 5.8. Livestock (a) and manure management-vermicomposting (b) subroutines. 
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Figure 5.9. Nitrogen inputs and outputs summarized in the soil cropping system subroutine, or 'input master sheet'. 
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173.0 
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10.2 
1.1 
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F20 
A 0 E F G H J 
1 Marker Location crop 1 crop2 IC5-soLIC5-ty pE Accumulated NIAS N INPUT IAS N OUTPU 011 ratio N losses ~SNP 
2 1 Lomas de •5-Aifalfa 7-Vegetabl lnt Ver 81 307 44 0 63 42 
3 1 Lomas de •2-Maize co 7-Vegetabllnt Fre 361 175 57 0 73 -15 
4 1 Lomas de •2-Maize co 7-Vegetabllnt Old 29 ' 189 53 0 78 -21 
5 1 Lomas de •2-Maize co 7-Vegetabllnt Ver 42r 188 53 0 63 -8 
6 1 Lomas de •2-Maize co 7-Vegetabllnt Fre 58 217 95 0 104 7 
7 1 Lomas de •2-Maize co 7-Vegetabllnt Old 52 225 91 0 109 1 
8 1 Lomas de •2-Maize co 7-Vegetabl lnt Ver 65 225 91 0 95 14 
9 1 Lomas de •3-Maize for7-Vegetabllnt Fre 54 85 236 3 76 -6 
10 1 Lomas de •3-Maize for7-Vegetabllnt Old 48 94 222 2 81 -12 
11 1 Lamas de •3-Maize for7-Vegetabllnt Ver 61 94 223 2 67 1 
12 1 Lamas de •3-Maize for7-Vegetabllnt Fre 54T 104 44 0 76 -6 
--
- - - -- --
13 1 Lomas de •3-Maize for7-Vegetabl lnt Old 48 126 44 0 81 -12 
14 1 Lamas de •3-Maize for7-Vegetabl lnt Ver 61 126 44 0 67 1 
15 1 Lamas de •5-Aifalfa 7-Vegetabl lnt Fre 74, 322 63 0 72 37 
16 1 Lamas de •5-Aifalfa 7-Vegetabl lnt Old 64 307 44 0 78 25 
17 1 Lomas de •5-Aifalfa 7-Vegetabl lnt Ver 81 307 44 0 63 42 
18 vww I 
--
...1 
Figure 5.1 0. Example summary 'output master sheet' showing the farm location, crop sequence and type of manure management. 
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5.9 Outcomes and limitations 
The predictive framework estimates N inputs, outputs, internal N transfers and 
nitrogen use efficiency indices from the impact of selected management strategies 
and practices on N utilization can be assessed at farm scale. For example, a 
summary of N inputs, outputs and internal transfers in lASs with specific 
management strategies (three crop sequences compared to manure management 
practices) are presented from Figure 5.11 to Figure 5.19. Nitrogen flows in farms with 
crop sequences such as: corn maize/vegetables but different manure management 
practice can be observed in Figure 5.11, Figure 5.12 and Figure 5.13. Note in these 
figures the difference in N losses due to manure management practices. For example 
N losses are higher (209 kg N ha-1 a-1) in a farm scenario with old manure application 
(see Figure 5.11) compared to manure management in farming systems with fresh 
(193 kg N ha·1 a·1) (see Figure 5.12) and vermicompost (165 kg N ha-1 a·1) (see 
Figure 5.13). Changes of N in SNP and the 0/1 ratio varied as manure management 
change in the lASs. These changes are accompanied by an increase or decrease in 
the imported animal feed and exported marketable crop. 
The effect of manure management practices in farms with different crop sequences 
(corn maize/forage oat) can be observed in Figure 5.14, Figure 5.15 and Figure 5.16. 
In these figures, note that the change of N in the SNP varied according to the manure 
management practices. For example, farms relying on old manure management 
practice showed lower (12 kg N ha-1 a·1) changes of N in the SNP when compared 
with farms managing fresh (29 kg N ha-1 a·1) and vermicomposting (52 kg N ha-1 a-1) 
manure management practices. Farms with alfalfa as the forage crop can be 
observed in Figure 5.17, Figure 5.18 and Figure 5.19. Nitrogen flows and the N use 
efficiency indices vary strongly in comparison with farms cultivating corn 
maize/vegetables and corn maize/forage oat as crop sequences. Also note that no 
imported animal feed is computed in lASs with alfalfa; whereas, animal feed is 
exported. A complete analysis of the effect of different management strategies and 
manure practices on productivity and environmental performance is analyzed and 
discussed in Chapters 6 and 7. 
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Figure 5.11. Nitrogen flows (kg N ha-1 a-1) in an IAS with 50 kg ha-1 of N fertilizer per 
crop. 0/1 ratio (0 .37), Nacc (77). 
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Management strategy: 
• Crop sequence: 
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• Manure management: 
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Figure 5.12. Nitrogen flows (kg N ha-1 a-1 ) in an IAS with 50 kg ha-1 of N fertilizer per 
crop. 0/1 ratio (0.41 ), Nacc (95). 
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Management strategy: 
• Crop sequence: 
• Livestock type: 
• Manure management: 
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Figure 5.13. Nitrogen flows (kg N ha-1 a-1) in an IAS with 50 kg ha-1 of N fertilizer per 
crop. 0/1 ratio (0.37), Nacc (115). 
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Management strategy: 
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• Manure management: 
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Figure 5.14. Nitrogen flows (kg N ha-1 a-1) in an IAS with 50 kg ha-1 N fertilizer per 
crop. 0 /1 ratio (0.43), Nacc (63). 
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Figure 5.15. Nitrogen flows (kg N ha-1 a·1) in an IAS with 50 kg ha-1 N fertilizer per 
crop. 0/1 ratio (0.50), Nacc (81 }. 
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Management strategy: 
• Crop sequence: 
• Livestock type: 
• Manure management: 
corn maize/forage oat 
dairy cow (3 LU ha-1) 
vermicomposting 
-----------------~ 
Imported 
animal feed 
124 
Exported 
animal feed 
0 
Imported 
manure 
0 
Exported N 
marketable 
crop 39 
BNF, seed, 
rain-irrig. 
water 
53 
Fertilizer 
100 
124 
0 
0 I 
I 
I 
I 
I 
I 
I 
I 
39 I 
53 
100 
Anim;~ ~take 14l I ., 
4 
2201 45 Animal 
accumulation 
87 
Manure management 4 
220 
0 0 
Applied 
fresh Vermicomposting 
0 114 
Applied old 
0 
Harvest N 0 0 114 234 
2341 
1 ' 
Soil N 
258 
.. 0 
... -- ------ - -- -- -, 93 
I I 
I ~SNP 52 I i 73 I I I I I 
------ ---------' 
Exported 
animal 
product 
87 
Nloss 
166 
Figure 5.16. Nitrogen flows (kg N ha-1 a·1) in an IAS with 50 kg ha-1 of N fertilizer per 
crop. 0/1 rat io (0.45), Nacc (1 03). 
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Management strategy: 
• Crop sequence: Alfalfa 
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old manure application • Manure management: 
Imported 
animal feed 
0 
Exported 
animal feed 
173 
Imported 
manure 
0 
Exported N 
marketable 
crop 0 
BNF, seed , 
rain-irrig. 
water 
451 
Ferti lizer 
50 
0 
-----------------~ 
315 
Animal intake 
315 
c__________-------'41 
2 201 .--- A-'n'-i-m_a_l ---, 
Manure management 
220 
accumulation 
4 
173 
0 0 
Q I 
I 
Applied 
fresh 
0 
Vermicomposting 
0 
0 
I 
I 
I 
I 
I r'---'------, 
1 Harvest N 
489 
I '----,---_J 
0 
Applied old 
80 
80 0 
: 4891 I ~--~-------~-. 
Soil N 
I 
451a 
.. 
580 
~------ --- -----, 
I 
: .6.SNP 92 ! 
I I I ______ _______ __ 1 50 I 
I 
~-----------------~ 
87 
141 
0 
Exported 
animal 
product 
87 
N loss 
192 
Figure 5.17. Nitrogen flows (kg N ha-1 a·1 ) in an IAS with 50 kg ha-1 N fertilizer per 
crop. 0 /1 ratio (0.52), Nacc (120). 
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• Crop sequence: 
• Livestock type: 
• Manure management: 
Alfalfa 
dairy cow (3 LU ha-1) 
fresh manure application 
-----------------~ 
Imported 
animal feed 
0 
Exported 
animal feed 
233 
Imported 
manure 
0 
Exported N 
marketable 
crop 0 
BNF, seed, 
rain-irrig. 
water 
502 
0 
233 
0 I 
I 
I 
I 
I 
I 
I 
I 
I 0 I 
I 
I 
I 
I 
504 
I 
I 
I 
Animal intake 
315 
4 
315 2201 Animal 
accumulation 
Manure management 4 
220 
0 0 
Applied 
fresh Vermicomposting 
105 0 
Applied old 
0 
Harvest N 105 0 0 549 
5491 
Soil N 
656 
~ 
~--------------, 
' ' 
87 
0 
Fertilizer ' t~SNP 123 ' 
:58 I ' ' 50 50 ' ' ' ---------- - _, I 
I I _________________ _ 
116 
Exported 
animal 
product 
87 
Nross 
174 
Figure 5.18. Nitrogen flows (kg N ha·1 a·1) in an IAS with 50 kg ha·1 N fertilizer per 
crop. 0/1 ratio (0.49), Nacc (127). 
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Figure 5.19. Nitrogen flows (kg N ha-1 a· 1 ) in an IAS with 50 kg ha-1 of N fertilizer per 
crop. 0/1 ratio (0.52), Nacc (171 ). 
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Many constraints were encountered during the quantification of the different N input 
and output variables. For instance, data from literature was available for various 
sites, but it may not necessarily be representative for the selected area. The data 
sources used for the N flow have different confidence limits attached to them. As 
mentioned by Roy et al. (2003), where resource flows are translated into nitrogen 
contents, uncertainties about data estimates also arise owing to variability in 
estimation producers. Some input and output data relatively easy to measure were 
for example fertilizer, manure, crop residues, and harvested grain; however, many 
other variables related to specific processes (i.e. BNF, mineralization-immobilization, 
leaching and emissions) had to be estimated from secondary literature or considering 
general factors. Similarly, values for the export of nutrients in the harvested product 
are usually derived from secondary data relating to yield and nutrient contents in the 
harvested component. For these reasons a robustness evaluation of the framework 
(sensitivity and uncertainty analysis) is recommended to be performed as future work 
(see Chapter 8). 
The next chapter addresses the general scenario evaluation and the system 
efficiency assessment. The effects of management practices on N flow at farm scale 
are evaluated by applying a general linear model analysis. 
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CHAPTER 
6 
Nitrogen flows in integrated agricultural systems: 
I. General scenarios and system efficiency 
6.1 Introduction 
This chapter presents the scenario evaluation and analysis of N flow in lASs in the 
Texcoco region quantified by the predictive framework. Productive and environmental 
performance are analyzed through nitrogen use efficiency (NUE) indices such as 0/1 
ratio, quantified N losses (Ntoss), accumulated N in Soil (Nacc) and the N change in the 
SNP (L'.SNP). Nitrogen flow in lASs and the role of internal N transfers are described. 
Likewise the statistical analysis of scenario outputs from the predictive framework is 
discussed. This analysis will allow the assessment of the effect and influence of 
different management strategies based upon crop sequence, livestock type, stocking 
density and manure management. 
6.2 Nitrogen flows and internal nitrogen transfer 
lt is important to highlight the influence of internal N transfer on the different inputs 
and outputs considered in the quantification of 0/1 ratio, Nacc, N1055 , and L'.SNP. An 
example of N flows quantified by the predictive framework is presented in Figure 6.1, 
in which the dashed line highlights the boundaries of N internal transfers. Arrows that 
enter and leave the dashed line indicate the N inputs (I) and outputs (0) from the 
farm. These figures (kg N ha·1 y(1) were calculated for a typicaiiAS with the following 
characteristics: crop sequence "Cm/fo", one LU ha·1 of dairy cow, without fertiliser 
and applying fresh manure to the cropping system. This example highlights the most 
representative nitrogen I, 0 and internal N transfers which were considered in the 
predictive framework to calculate NUE related indices. Manure and mineralization 
were considered as internal transfers and therefore were not included as total inputs. 
Therefore, mean values for the response variables to assess productivity and 
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environmental performance could vary depending on the perspective of evaluation. 
This research aimed to evaluate IAS in a whole perspective. However, in order to 
identify whether and where exactly the systems can be improved it is necessary to 
assess the efficiency of the individual components within a IAS together with the 
whole IAS N use efficiency indices (Schroder et al., 2003). 
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Figure 6.1. Example of whole IAS N flows in kg N ha-1 a-1 quantified by the predictive 
framework, IAS with one LU ha-1 (dairy cow), applying fresh manure without fertilizer. 
0/1 ratio (0.37), N1oss (73), Nacc (28), L\SNP (-22). 
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6.3 Effect of management strategies on productivity and environmental 
performance 
The scenario analysis was developed by exploring different management strategies 
under fixed conditions considered as main factors (crop sequence, livestock type, 
stocking density and manure management). These main factors were defined based 
on the information analysed in Chapter 3. The calculated 0 values corresponding to 
the response variables (0/1 ratio, N1055 , Nacc and ~SNP) were considered as 
observations. Statistical analyses were performed using MINITAB analysis of 
variance by General Linear Model (GLM) to assess main and interaction effects of 
main factors on the studied variables. (Delgado, 2001; Velten, 2009). 
6.3.1 Main factor effects: crop sequence, livestock type, stocking density and 
manure management 
6.3.1.1 Main effects on 0/1 ratio 
According to analysis of variance, significant differences (P < 0.05) due to the main 
factors on 0/1 ratio were observed (see Appendix C5). The main effects plot (Figure 
6.2) was used to visualize the effects of the factors on the variables and to compare 
the relative strength of the effects. Each factor is represented together with its levels 
in terms of the response means of the variables. The reference line plotted in each 
graph corresponds to the overall (grand) mean and looking at the line connecting the 
factor levels it was possible to determine whether or not a main effect was present. 
The relative magnitude of the effects by the different crop sequences on 0/1 ratio 
varied from 0.3 - 0.8 units for "alfalfa", "corn maize/forage oats" and "grassland"; 
whereas, the means corresponding to "forage maize/forage oats" (Fm/fo) and "forage 
maize/vegetable" (Fm/vg) were plotted above the overall mean line by approximately 
one and half units respectively. These high values can be explained due to the high 
values of N harvested as forage crop and considered as exported N as product 
(output) and the low values of N input mainly affected by the biological N fixation. 
Therefore, in these particular cases of growing cut forage crops, outputs generally 
are higher (double or triple) than inputs. However, this pattern on 0/1 ratio changed 
under alfalfa as cropping sequences; because of the influence of biological N fixation 
accounted as an input. Stocking density was another factor that showed a significant 
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(P < 0.05) change of the mean of 0/1 ratio according to the number of LU ha-1 . The 
0/1 ratio trend in relation to stocking density, a decreasing pattern was observed 
while increasing the LU ha-1 at a similar relative magnitude. 
For livestock type and manure management means were plotted close to the overall 
mean. For example, means for the model with "dairy/beef cattle" and "sheep/goats" 
showed a small contrast between them but higher magnitude effect for the model 
with fattening pigs. According to th is research, means of 0 /1 ratio in models with 
"fattening pigs" were higher by 0.25 and 0.3 units approximately compared to those 
means observed when "dairy/beef cattle" and "sheep/goats" featured . 
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Figure 6.2. Main effects for 0/1 ratio in relation to crop sequence, livestock type, 
stocking density and manure management. Crop sequence levels: corn maize/forage 
oats (Cm/fo), corn maize/vegetables (Cm/vg), forage maize/forage oats (Fm/fo), 
forage maize/vegetable (Fm/vg). 
6.3.1 .2 Main effects on quantified N losses (N1055 ) 
The analysis of variance (GLM) showed significant main effect (P < 0.05) on N1055 
(see Appendix C6). According to Figure 6.3 a re-lative small contrast between mean 
values for crop sequences was observed in relation to the overall mean line. The 
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variation in N losses in the model with alfalfa and grassland compared to cut forage 
crops was approximately 15 kg N ha-1 a-1. The relative magnitude of effects between 
means corresponding to livestock density contrasted in approximately 50 kg N ha-1 a-
1 between the model with fattening pigs and the other two types of livestock 
(dairy/beef cattle and sheep/goats). 
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Figure 6.3. Main effects for N1ass in relation to crop sequence, livestock type, stocking 
density and manure management. Crop sequence: corn maize/forage oats (Cm/fo), 
corn maize/vegetables (Cm/vg), forage maize/forage oats (Fm/fo), forage 
maize/vegetable (Fm/vg). 
The general trend observed for N losses was that typically expected in farming 
systems where the higher the number of LU ha-1 the bigger the Nass and this effect 
was inverse to the 0/1 ratio where the higher the LU ha-1 the smaller the 0/1 ratio. In 
this research the evaluated manure management practices showed that in general 
terms managing manure by composting and vermicomposting reduced N1ass· This is 
important in terms of the implementation and definition of different strategies 
regarding efficient use and management of N at smallholding perspective in the study 
region. 
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6.3.1.3 Main effects of the main factors on Nacc and 6SNP 
The effects of the main factors on Nacc and 6SNP followed similar trends. For this 
reason only the main effects plot for 6SNP was presented (Figure 6.4). According to 
the analysis of variance, the main factors had significant effect (P < 0.05) on these 
variables (see Appendix C7). Looking at Figure 6.4, the mean value corresponding to 
alfalfa and grassland were plotted above the overall mean line whereas arable crops 
were plotted below. Main effects on 6SNP between alfalfa and arable crop 
sequences was in a relative magnitude of approximately 30-60 kg N ha·1 a·1 , and the 
model with grassland showed differences from 15-45 kg N ha·1 a·1 in relation to 
arable crops (Cm/fo, Cm/vg, Fm/fo and Fm/vg). "Corn maize/forage oats" showed the 
lowest mean with approximately 20 kg N ha·1 a-1. According to the predictive 
framework some scenarios had negative values of 6SNP which evidenced N 
depletion in the soils. 
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Figure 6.4. Main effects on 6SNP. Crop sequence: corn maize/forage oats (Cm/fo), 
corn maize/vegetables (Cm/vg), forage maize/forage oats (Fm/fo), forage 
maize/vegetable (Fm/vg). 
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6.3.2 Interaction effects for the factors: crop sequence, livestock type, stocking 
density and manure management 
6.3.2.1 Interaction effects on 011 ratio 
The response means values for interactions of main factors were depicted and the 
points were connected for the different levels of the factor plotted on the x-axis. 
Looking at the factors in the first row {i.e. crop sequence) and the second column {i.e. 
livestock type), and assessing the parallelism between the lines connecting the 
levels, it was possible to determine whether or not an interaction was present. An 
interaction is present when the contrast in the response mean from one level to 
another of a factor depends on the level of a second factor. The analysis of variance 
(GLM) showed that most two and three level interactions were significantly different 
(P < 0.05) except "crop sequence*livestock type*manure management", "livestock 
type*stocking density*manure management" and the fourth level interaction (see 
Appendix CS}. 
Examining the interaction "crop sequence*livestock type" (Figure 6.5); a synergistic 
effect was observed in the model with fattening pigs and all crop sequences. Crop 
sequences such as "Fm/fo" and "Fm/vg" showed mean values for 0/1 ratio bigger 
than one, which can be explained due to the influence of the internal N flow and the 
high amount of N exported. However, this high 0/1 ratio must be considered carefully 
when assessing economical productivity because of the high amounts of N imported 
as animal feed. 
132 
Crop sequence 
• 
2 • 
Livestock type 
' 
1 • • 
• 
• 
• 
• 
• 
2 
1 
' . . ~--~~L-~o~----~~----------------~----------------~------------------~3 
tJ 
<> 
0 
tJ 
Q <> Q 0 0 tJ tJ 
<> <> 
Stocking density (LU/ha) e 
<> 
0 g 0 g ~ 8 o e 
3~------~------~~------------------+------------------+----------------~ 
2 
1 
~'<._'?> ~0 f» ~0 ~~ 1><!-> ~'<; 0~ 0~ «.~ ~ bc:j. 
<::>''?> 
Manure management 
I 
2 
1 
Crop sequence 
• Alfalfa 
• Cm/fo 
• Cm/vg 
A Fm/fo 
• Fm/vg 
<11111 Grassland 
Livestock type 
e Dairy/beef cattle 
• Fattening pigs 
+ Sheep & goats 
Stocking 
density 
(LU/ha) 
0 1 
0 3 
0 6 
Manure management 
* Fresh 
@ Old 
~ Vermicnmpost 
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The interaction "crop sequence*stocking density" showed a decreasing mean value 
of 0/1 ratio (from 2.5 to 1.0) while increasing the LU ha·1 (from 1.0 to 6.0), when 
forage maize was involved in the crop sequence. Whereas a similar tendency was 
observed with alfalfa, grassland and Cm/fo; although at smaller magnitude (from 0.9 
to 0.5). Regarding the interaction "crop sequence*manure management"; applying 
fresh manure to the cropping system affected more the 011 ratio for "Fm/fo" and 
"Fm/vg" than models with crop sequences such as alfalfa, Cm/fo, Cm/vg and 
grassland; this effect is closely related to higher amounts of available N in fresh 
manure than that in old manure and vermicompost. The effect by applying old 
manure and vermicompost on 011 ratio was very similar for all crop sequences. 
6.3.2.2 Interaction effects on N1oss 
The analysis of variance showed a significant difference (P < 0.05) in interactions 
such as "livestock type*stocking density", "livestock type*manure management" and 
"stocking density*manure management" (Figure 6.6) (see Appendix C6). Mean 
values for the interaction "livestock type*stocking density" showed that N1055 in the 
models with "dairy/beef cattle" and "sheep & goats"; increased from approximately 
100 to 300 kg N ha-1 a·1 with one and six LU ha·1, respectively. The model with 
"fattening pigs" N1oss showed an increment from 90 to 180 kg N ha-1 a·1 with one and 
six LU ha·1 . This interaction was expected because of the positive relationship 
between stocking density and amount of N produced in the farms and therefore 
higher N1oss were quantified. 
The type of livestock affected the N1oss in terms of the amount of N excreted by 
animals. lt was observed that fattening pigs produced lower amounts of N and 
therefore less N1oss compared to dairy/beef cattle and sheep/goats. The interaction 
"stocking density*manure management" showed significant effect on Noss by 
managing old manure. This indicates that special attention must be given to the most 
typical manure management practice in IAS in the study region in order to redesign 
management strategies to reduce N1055 . Applying fresh manure was ranked as the 
second manure management practice in terms of N1oss and managing manure by 
compost and vermicompost showed the lowest amounts of N1oss in the interactions 
with crop sequence, livestock type and stocking density. 
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6.3.2.3 Interaction effects on t1SNP 
A significant difference (P < 0.05) was observed in all second order interactions 
except the interaction "livestock type*manure management", and there was no 
significant effect in third and fourth order interactions (see Appendix C7). The 
response in the t1SNP was affected for all studied factors. For example, the 
interactions "crop sequence*livestock type", "crop sequence*stocking density" and 
"crop sequence*manure management" showed alfalfa and grassland as the most 
promissory crop sequences in the amount of N stored in SNP; it ranged from 30 to 
100 kg N ha·1 a· 1 depending on the type of livestock, stocking density and manure 
management as plotted in Figure 6.7. Arable crop sequences such as "Cm/fa", 
Cmlvg", Fm/fo" and Fm/vg" showed a smaller relative effect on t1SNP. Amounts of N 
quantified in this variable ranged from -15 to 50 kg N ha·1 a·1; negative values 
showed N depletion in crop sequences such as "Cm/fa", "Fm/fo" with one LU ha-1 and 
fattening pigs. 
Manure management interactions with crop sequence indicated that 
vermicomposting and fresh manure affected ilSNP positively for all crop sequences 
studied (Figure 6. 7). Applying fresh manure to soils generally raised the amount of N 
in the form of ammonium that is supplied compared to applying vermicompost, which 
the available type of N applied is mostly in the form of N03, in addition to stabilized 
forms of organic N. As expected and assuming that all manure produced by the 
livestock enterprise is used within the IAS the higher the number of LU ha-1 the 
stronger the effect on L1SNP when interacting with livestock type and manure 
management. Growing leguminous crops such as alfalfa and grassland (legume & 
grass) showed major contrasts compared to arable crop sequences 
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6.4 Discussion 
6.4.1 Response variables for assessing NUE 
Quantified NUE-related variables such as 0/1 ratio, N1055 , Nacc and L'.SNP ranged 
greatly (Table 6.1) depending on the selected management strategies. A range of 0/1 
ratio values for several farms are shown in Table 6.1. According to these values, 
some 0/1 ratio values calculated for the IAS in the study region were similar to those 
values calculated by Schroder et al., (2003) in which mixed farms, arable farms and 
livestock farms were studied; they found higher 0/1 ratios for livestock farms than 011 
ratios for mixed farms. On the other hand typical values found in Europe for 0/1 ratio 
(0.12 - 0.20) were those reported by Cuttle and Jarvis (2005) for commercial dairy 
farms in the south west England. However, the extended range of values indicated a 
great variability on farm productivity depending on particular conditions, exploitation 
purposes, N management strategies and in particular natural conditions (i.e. weather, 
soil}. 
In this research it was observed that imported and exported animal feed strongly 
influenced 0/1 ratio together with the crop sequence and biological N fixation (using 
leguminous crops). Tropical smallholder mixed farms (rice farms) studied by 
Dalsgaard and Oficial (1997) in the Philippines showed similar range of values to 
those values quantified in this research. However, whole farm efficiency is not just 
determined by the management strategies and operational skills of agricultural 
producers, but also by strategic decisions relating to the extent to which the producer 
completely or partly integrate processing of primary products (i.e. milk, vegetables) or 
to the extent to which a producer opts for self-sufficiency concerning feed supply. 
In research on N balance, N1oss is usually referred to as potential N losses or N 
surplus per unit area and it is the result of 0 minus I (Langeveld et al., 2007}. In this 
research N1055 is referred as quantified N losses calculated by the predictive 
framework which ranged from 70 - 528 kg N ha·1 a·1 , and varied according to 
management strategies, and variables related to N inputs (i.e. fertilizer, manure). N 
losses are important in terms of creating awareness among agricultural producers 
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leading to a re-examination of routine management practices within agricultural 
systems (Schroder et al., 2003; Pacini et al., 2004). In this research the predictive 
framework showed typical manure management practices in the study region such as 
applying old manure had significantly greater Noss values than applying fresh 
manure, and special attention must be given to this aspect in order to improve 
environmental performance of lASs. 
Table 6.1. Range of values for response variables related to N use efficiency in 
different agricultural systems 
Type of farm 
IAS (smallholder) 
Dairy farm 
Dairy farm 
Mixed farm 
Arable farm 
Livestock farm 
Smallholder mixed 
farm 
Mixed farm 
Not reported (nr) 
Range in response variables 
0/1 ratio N losses L'lSNP 
0.28- 1.05 70-528 -37- 124 
0.12-0.20 137-220 66- 158 
0.22-0.38 163-250 nr 
0.41 126 nr 
0.61 124 nr 
0.91 130 nr 
0.17-1.19 nr nr 
0.21 - 0.23 181 -266 nr 
Source 
This research 
(Cuttle & Jarvis, 2005) 
(Nevens et al., 2006) 
(Schroder et al., 2003) 
(Dalsgaard & Oficial, 
1997) 
(Langeveld et al., 2007) 
As regards Nacc and L'!SNP, these variables are closely related and difficult to 
estimate due to the relationship among N processes (ammonia volatilisation, 
denitrification, mineralization and immobilisation) in the soil-cropping system. Values 
of L'!SNP predicted by the framework indicated both accumulation and depletion. 
Accumulation typically resulted in IAS with legume crop sequences (alfalfa) while 
depletion occurred under arable crops. On the one hand this is due to the influence 
of BNF; on the other hand because small amounts of N are imported through animal 
feed. However, 0/1 ratio was not necessarily higher with legumes as the stated crop. 
This finding agrees with results on whole farm N efficiency (dairy farms) where farms 
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partly relaying on imported feed are seemingly more efficient than self-sufficient 
farms under similar milk production (Payraudeau & van der Werf, 2005). 
6.4.2 Reliability of the estimates 
In the general context, several factors can influence the reliability of values calculated 
by the predictive framework. Some of the main factors are the data sources and 
variability as well as under-over estimations of values considered for some variables 
(BNF, N input through rain and irrigation water). The largest potential errors arose 
from discrepancies between BNF and the estimates of harvested N in arable and 
forage crops. In similar research in order to minimise this potential error, low fixed 
values of BNF (< 20 kg N ha·1 a·1) were given to grass/clover sward grassland (Cuttle 
& Jarvis, 2005), and other research commonly assume as zero N input by BNF due 
to the intensive level of exploitation and high N fertiliser application which reduce the 
activity of bacteria associated to BNF (Schroder et al., 2003; Spears et al., 2003). In 
this research BNF was considered as an important source of N input due to low or 
zero N fertilizer application in lASs in the study region. 
6.4.3 Factors determining N use efficiency at the IAS scale 
The flexibility and simplicity of the predictive framework was important in order to 
include a series of variables related to N inputs and outputs for the core components 
included in the IAS. However, as in other· research (Dalsgaard & Oficial, 1997; 
Schroder et al., 2003; Spears et al., 2003; Langeveld et al., 2007) a range of factors 
can influence NUE at the IAS scale. The efficiency by which soil nutrients are 
converted to harvestable crop nitrogen depend on the ability to the crop to recover N 
from soil and the extent to which this N is allocated to harvested crop fractions. Both 
characteristics are determined by the crop sequence and N management strategies 
(rates, timing, placement, etc.). 
The efficiency by which harvestable crop N is converted into N in animal feed 
predominantly depends on the extent to which N losses during the harvesting of the 
crop and its conservation/storage is avoided. This is important to highlight because in 
this research, N losses by forage conservation was not considered, and it could 
increase the overall unaccounted N. The efficiency by which N in feed is converted 
into N in milk and animals depends on feed spillage, quality of the diet, animal 
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species and breed, the stage of lactation, the production objective and hence the 
animal replacement rate. Finally the efficiency by which N in manure is returned to 
the soil-cropping system depends on the magnitude of N losses by manure 
management practices and IAS management strategies. 
Variations in these conversion efficiencies can not only be attributed to IAS 
operational skills but also to tactical decisions (targeting high productivity or self-
sufficiency). In the IAS case studies additional factors can affect NUE-related indices; 
for instance, a simple management practice such as vermicomposting could be 
implemented in those lASs that export old manure after being stored for a year or so. 
This activity adds value to manure and it can be applied within the farm or sold off-
farm. Finally the output calculations concerning NUE efficiency indices can be 
affected by soil N pool and this was the determinant in the calculated value of t1SNP. 
6.5 Conclusion 
Productivity assessed by 0/1 ratio in lASs showed significant differences in terms of 
the management strategies studied (main factors) such as crop sequence, livestock 
type, stocking density and manure management. The hierarchical effect on 0/1 ratio 
was as follows: crop sequence > stocking density > livestock type > manure 
management. Within crop sequence, forage crops showed higher 0/1 ratio and higher 
N1oss: while alfalfa showed higher productivity but lower N losses. Three LU ha-1 was 
probably the optimum stocking density that could be recommended in the study 
region due to the high productivity and its corresponding environmental performance. 
The type of animal that showed high 0/1 ratio was fattening pigs when compared to 
dairy cows and sheep/goats. In the case of manure management applying old 
manure recorded the lowest 011 ratio and the highest N losses compared to applying 
fresh manure and vermicompost. 
Nitrogen loss was observed as being influenced in the following order: stocking 
density > livestock type > manure management > crop sequence. Positive 
interactions between livestock density, livestock type and Noss were observed. 
However, similar amounts of N losses were also observed for the different crop 
sequences. Nacc and 11SNP showed positive responses with legume crop sequences 
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but depletion of N was observed with forage crop sequences. 1t is important to 
consider a reorientation of typical manure management in the study region mainly the 
old manure application. Results from this research showed that manure management 
through vermicomposting was best fitted for the environmental performance at 
smallholder scale. 
NUE related indices showed similar ranges to those values reported for different 
types of farms (commercial dairy farms, extensive mixed farms) and different 
management conditions. The predictive framework developed to assess the 
productive and environmental performance of IAS can be use as an explorative tool 
in order to highlight NUE related indices in the valley of Mexico; variables related to 
NUE such as 0/1 ratio and N losses were sensitive to the change in the type of 
management strategies and manure management within components. However 
further work is needed in order to improve accuracy on the output values. 
The application of the predictive framework to assess productivity and environmental 
performance in the surveyed lASs in the Texcoco region is discussed in the following 
chapter. 
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CHAPTER 
7 
Nitrogen flows in integrated agricultural systems: 
11. Case study farms and extreme scenarios 
7.1 Introduction 
Quantification of N flows can create awareness among farmers, and helps them to 
re-evaluate nitrogen management strategies and may reduce N losses (Schroder et 
al., 2003). lt is important to analyse the productive and environmental performance of 
lASs in the Texcoco region, even though, there is no current legislation on N 
management in Mexico. Applying the predictive framework developed in Chapter 5 to 
evaluate NUE related variables such as output/input (0/1) ratio, N losses (N1055 ), N 
accumulated in SNP (Nacc) and the change of soil N pool (~SNP), could provide 
information on the general efficiency of N use in agricultural systems. This 
information could be used either to improve and redesign the N management 
strategies typically practiced or implement new techniques towards more sustainable 
N management in integrated agricultural systems. Previous work on management 
practices in agricultural systems (De Leon-Gonzalez et al., 2000; Perez-Oivera et al., 
2000) has shown that smallholders are reluctant to implement new management 
practices because of the lack of information and examples where the recommended 
practices have been successfully implemented. In this regard the IAS prototype plays 
a crucial role as a demonstration facility for innovative N management practices. This 
chapter presents the description and analysis of N flow for 15 lASs surveyed in the 
Texcoco region, the evaluation of productive and environmental performance of lASs 
typically found in the Valley of Mexico and the evaluation of N flow for extreme 
scenarios. The discussion is focused on best management practices that could lead 
to enhanced N use efficiency and lower N losses. 
7.2 Analysis of nitrogen use efficiency and key agronomic data for the 
case farms in the Texcoco region 
143 
7.2.1 Nitrogen budgets for the case study farms 
Nitrogen budgets (expressed as kg ha-1 a·1) for the 15 lASs are shown in Table 7.1. 
The data was estimated using the predictive framework developed in this project 
(Chapter 5), and is based upon key agronomic characteristics gathered through the 
farm surveys described in Chapter 3. Management strategies such as crop 
sequence, livestock type, stocking density, manure management, fertilization and 
manure application rates were considered. Typical crop sequences such as corn 
maize/forage oats (Cm/fo), corn maize/vegetables (Cm/vg), corn maize/forage maize 
(Cm/fm) and alfalfa were evaluated. Likewise, dairy cow/beef cattle were the most 
common livestock type in the study area, and in a lower proportion sheep/goats and 
pigs. The stocking density ranged from 0.4 - 10.0 LU ha-1, and it was observed that 
manure is typically applied after being stored for more than 6 months. Nitrogen input 
varied widely, total N inputs ranged from 149 to 852 kg N ha-1 a·1. An exception was 
farm L with 3560 kg N ha-1 a·1 . The farm cannot be considered as an IAS due to the 
lack of integration between the livestock and cropping system. For this reason farm L 
was excluded in further analysis. Biological N fixation ranged from 11 - 532 kg N ha-1 
a-1 depending on the crop sequence and the use of fertilizer. The proximity of Mexico 
city to the Texcoco region is reflected in approximately 33 kg ha-1 a·1 of N deposited 
with rainfall (Cristobai-Acevedo et al., 2007). Nitrogen inputs such as imported 
manure, imported animal food and biological fixation strongly influenced the studied 
variables i.e. 0/1 ratio. Estimated figures of Nacc and ~SNP by the predictive 
framework showed positive values for farms C, D, F, G and L with alfalfa as crop 
sequence and the values ranged from 58 - 150 and 43 - 124 kg ha-1 a·1 for Nacc and 
~SNP respectively. Likewise, lASs with imported animal feed (A, B, E, J, K) showed 
N depletion in soil (~SNP), with exception offarms H and I (Table 7.1 ). lt is important 
to notice that every surveyed lASs has particular management strategies that could 
affect the N flow. For instance, farms H with Fm/fo as crop sequence and 5 LU ha-1 
import less N in animal feed (131 kg a·1) than farm I (328 kg a·1) with Cm/vg and 3.5 
LU ha-1 (both showed positive values on ~SNP). However farm I imported manure 
(86 kg N ha·1 a·1) which could have increased Nacc. and hence influence the change 
of SNP .. 
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Table 7.1. Nitrogen budgets (expressed in kg N ha-1 a-1) for the surveyed integrated agricultural systems (farms A-0) in the Texcoco 
region. 
Variable\Farm A B c D E F G H J K L M N 0 
Crop sequence !J Cmlfo Cmlfo Alfalfa Alfalfa Cmlfo Alfalfa Alfalfa Fm!fo Cmlvg Cmlvg Cmlvg Alfalfa Cmlfo Cmlfm Cm!vg 
Uvestock type~ Pigs Dairy Dairy Sheep Dairy Dairy Dairy Dairy Dairy Dairy Dairy Dairy Dairy Dairy Da1ry 
Stocking density~ 1.6 2.3 0.9 2 4.9 3.8 4 5 3.5 1. 1 4 34 6 10 0.4 
Manure mangement'lf Old Old Fre Old Old Old Old Old Old Old Old Old Old Old Old 
Inputs 149 238 366 711 538 363 586 207 470 245 501 3560 648 852 180 
Biological Fixation 57 44 311 532 40 299 425 38 19 28 56 290 27 11 20 
Seed 3 3 3 3 1 1 1 3 2 1 
Rain & irrigation water 35 35 40 40 35 40 40 35 35 35 35 40 35 35 35 
Imported manure 11 0 0 0 0 0 120 0 86 96 0 0 0 0 0 
Fertilizer 0 0 14 138 26 23 0 0 0 0 0 0 46 92 120 
Imported animal feed 42 155 0 0 433 0 0 131 328 85 409 3229 537 712 3 
Outputs 73 83 384 560 160 145 313 145 151 73 141 1011 201 338 75 
Livestock product 64 67 26 54 143 111 116 145 102 32 116 989 174 291 12 
Exported crop 10 16 0 0 18 0 0 0 49 41 25 23 27 47 63 
Exported animal feed 0 0 358 506 0 35 197 0 0 0 0 0 0 0 0 
Exported manure 0 0 0 143 360 279 0 286 0 0 188 2444 441 735 29 
N losses (N Jo~J • 70 145 72 161 267 215 241 278 218 97 220 1632 325 528 86 
011 ratio' 0.49 0.35 1.05 0.79 0.30 0.40 0.53 0.70 0.32 0.30 0.28 0.28 0.31 0.40 0.42 
N accumulated (N ace) • 16 47 77 103 13 58 150 79 64 50 33 92 16 68 34 
Change SNP ( f'o.SNPr -35 -4 43 85 -38 22 124 18 11 -3 -18 56 -37 13 -22 
¥ Crop sequence: corn maize/forage oats (Cm/fo), corn maize/vegetables (Cmlvg), Forage maize/forage oats (Fm/fo), corn 
maize/forage maize (Cm/fm) 
I,J Livestock type: fattening pigs (Pigs), Dairy cow/beef cattle (Dairy), Sheep and goats (sheep) 
JL Stocking density referred as number of LU ha-1 
11' Manure management is referred as type of manure applied to agricultural soil; it could be applied after one week (fre), after 24 
weeks (old). 
*Nioss, 0/1 ratio, Nacc and i'>SNP were estimated using the predictive framework for N flow developed in Chapter 5. 
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7.3 Analysis of nitrogen use efficiency indices for the case study farms 
7 .3.1 Output/input ratio 
To perform a detailed evaluation on the influence of typical management practices on 
N use efficiency in lASs, the analysis is divided based on the NUE related variables. 
The productive performance of surveyed lASs assessed by the 011 ratio ranged from 
0.28- 1.05 (Table 7.1). This variable was influenced by the crop sequence, imported 
animal feed and imported manure, in addition to N inputs (i.e. fertilizer, manure and 
BNF). Four crop sequences are typically found (Cm/fo, Cm/vg, Cm/fm and alfalfa) in 
the study region (Table 7.1); integrated agricultural systems with alfalfa-dairy cow 
(C,D,F,G) and alfalfa-sheep/goats showed 0/1 ratios ranging from 0.40- 1.05. These 
values were high, considering that farm D and F exported approximately 70% of 
manure. An 0/1 ratio of 0.92 was calculated for farm H with Cm/fo and dairy cows; 
however, this IAS imported 93 kg N ha-1 a- 1 of animal feed due to the relatively high 
stocking density (5.0 LU ha-1). 
lt is difficult to evaluate lASs when the 011 ratio is affected by many factors 
(Dalsgaard & Oficial, 1997). For example, the efficiency with which soil nutrients are 
taken up by harvestable crop biomass depends on the ability of the crop to recover 
nutrients from the soil and the extent to which nutrients are allocated to harvested 
plant fractions (Bittman & Mikkelsen, 2009). These two characteristics are 
determined by the type of crop, the rotation and the N source management strategies 
(timing, rates and placement, amongst other). Likewise, 0/1 ratio is affected by the 
livestock component through the efficiency by which N in feed is converted to 
livestock product (milk and meat) and the opportunity for avoiding N losses by feed 
spillage and N losses during manure management. 
7.3.2 Nitrogen loss 
Estimations of N1oss were conducted using the predictive framework (Table 7.2}, with 
special attention given to NH3 emission. Leaching was included from field 
components but not in manure management through vermicomposting, as it was 
assumed that evaporation exceeds precipitation in most of the year and the N 
leaching can be low, compared to 10 - 20% of the initial N loss by leaching in Europe 
during composting (Martins & Dewes, 1992). Estimated Noss from the 15 farms 
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ranged from 70- 500 kg N ha·1 a·1 . Management strategies i.e. stocking density had 
a strong effect on Noss- The livestock component together with manure management 
contributed with more than 50%. 
Table 7 .2. Nitrogen loss for surveyed lASs (kg ha-1 a·1) estimated by the predictive 
framework for N flow. 
IAS Soil cropping system Livestock NH3 Manure• NH3 Total N 
NH3 Leaching Erosion & housing emission losses 
emission runoff emission 
A 21 10 12 26 70 
8 25 11 31 77 145 
c 25 11 12 22 72 
0 47 21 2 19 71 161 
E 25 11 67 163 267 
F 24 11 52 127 215 
G 35 16 2 55 133 241 
H 29 13 68 167 278 
35 16 2 48 117 218 
J 30 14 2 15 37 97 
K 21 10 55 133 220 
L 23 11 465 1132 1632 
M 29 13 82 200 325 
N 39 17 2 137 333 528 
0 44 20 2 5 13 84 
*According to management strategies stated in Table 7 .1. 
Nitrogen losses in terms of N input can be observed in Figure 7 .1. Literature on N 
dynamics and balance mention that high N input (fertilizer and manure) to agricultural 
systems leads to elevated N losses (Brady & Weil, 2002; Watson et al., 2002). In 
lASs in the study region the use of fertilizer was low ranging from 0- 160 kg N ha-1 a· 
1 compared to typical fertilization rates from 400 - 600 kg N ha-1 in vegetable and 
wheat production in Mexico (Riley et al., 2001; Christensen et al., 2006). Also 
manure use was variable, and imported and exported manure off-farm is commonly 
practiced in smallholders in the Texcoco region. These management strategies can 
negatively affect the environmental performance of lASs and have strong influence 
on N accumulation or depletion in the SNP (Langeveld et al., 2007). 
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Figure 7.1 depicts N losses of the 15 lASs in terms of N input and according to crop 
sequences; however N losses in each IAS respond not only to the cropping 
sequence but also to livestock type, stocking density and manure management. lt is 
necessary to analyze each case in detail in order to understand its productivity and 
environmental performance. For example, farm H showed higher N1ass than N inputs 
with 278 and 207 kg N ha-1 a·1, respectively. This resulted when the total N excreted 
by 5 LU ha-1 was 367 kg N, and in this particular IAS manure was applied old, where 
more than 70% of the manure was recorded as exported after being stored for a 
year. The framework quantified N1ass for manure management using the total amount 
of manure produced in the farm despite the fact that not all manure is finally applied 
to agricultural land within the system. 
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Figure 7.1. Nitrogen losses in relation to N inputs with different crop sequences for 
the surveyed lASs. 
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7.3.3 Nitrogen accumulation and change of soil nitrogen pool 
Nitrogen accumulation (Nacc) is defined as the N stored in the soil matrix following 
application of manure and from crop residues (i.e. stover, roots); therefore, the 
amount of manure applied and the type of manure management impacted strongly 
on this variable. Most of the 15 farms surveyed, use old manure; only farm C applied 
fresh manure. Alfalfa was the crop sequence that influenced positively N 
accumulation with ranges from 58 - 150 kg N ha-1 a·1; whereas for arable crop 
sequences, Nacc ranged from 16 - 79 kg N ha-1 a·1. Within arable crop sequences, 
corn maize/forage oats (Cm/fo) showed the lowest amount of Nacc. while forage 
maize/forage oats (Fm/fo) had the highest (79 kg N ha-1 a·\ 
The change of SNP is defined as the result of subtracting Nacc minus net 
mineralization; hence the resulting value could be either positive or negative, 
representing accumulation or depletion respectively. According to the predictive 
framework, both accumulation and depletion were observed for the surveyed farms in 
the Texcoco region (Figure 7.2). Farms with corn maize/forage oats (Cm/fo) and corn 
maize/vegetable (Cm/vg) showed N depletion; whereas farms with alfalfa as crop 
sequence (C, D, F, L) showed accumulation of N in soil matrix. Likewise, farms H, I, 
N with forage maize/forage oats (Fm/fo ), corn maize/vegetable (Cm/vg) and corn 
maize/forage oats (Cm/fo) had positive values; although they are near zero which 
could indicate their vulnerability to depletion with typical management strategies (i.e. 
applying old manure). 
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Figure 7.2. Change of soil N pool in relation to N inputs for the surveyed lASs. 
7.3.4 Effect of management practices on nitrogen input, output and losses 
The effect of management practices on N inputs, outputs and losses in farms A, G 
and 'N' is depicted in Figure 7.3. Farms A, G and 'N' cultivate different crop 
sequences Cm/fo, alfalfa and Cm/fm respectively, and all of them apply old manure. 
Farm A keeps pigs, while farms G and 'N' maintain dairy cows (See Table 7.1 ). 
Nitrogen inputs are strongly influenced by livestock densities which are 1.6, 4.0 and 
10.0 LU ha-1 for fanns A, G and 'N' respectively. In addition, BNF is the main N input 
in farms A (57 kg ha-1 a-1) and G (425 kg ha-1 a-1), while it was reduced in farm 'N' (13 
kg ha-1 a-1) probably because of fertilizer application (Figure 7.3). Imported N in 
animal feed is essential in more intensive farms in the Texcoco region; for example, 
the stocking density in farm 'N' (10 LU ha-1) forces to import animal feed, which 
correspond approximately to 83% of total N inputs. 
Estimated N losses are highlighted as one of the most important N outputs in all 
selected farms. Notice that exported manure in farm 'N' represents similar amounts 
than that of imported N in animal feed. This farm relies completely on fertilizer 
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application; consequently, all manure produced within the farm is exported. The 
effect of the cropping sequence, livestock and stocking density on marketable 
products was estimated with 0/1 ratio. Farm G which cultivates alfalfa with dairy cow 
(4.0 LU ha-1 ) showed higher productivity (0.53) than farm 'N' (0.40) which grows 
Cm/fm with dairy cows (10.0 LU ha-1). Nitrogen accumulation-depletion in SNP was 
strongly affected by the cropping sequence. Accordingly farm G with alfalfa showed 
more N accumulation (124 kg ha-1 a-1) than farm 'N' with Cm/fm (13 kg ha-1 a-1 ); in 
spite of the later exports all excreted manure. While farm A growing Cm/fo showed N 
depletion with -13 kg ha-1 a-1 . 
The Cm/fo is one of the most common crops sequences found in the Texcoco region, 
it is essential to pay attention to some management strategies. However it could be 
argued that the limitation of the temporal context (one year) in this research, but the 
predictive framework draws a general trend on N flows in lASs. 
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7.4 Evaluation of productivity and environmental performance of 
current management practices 
In this section current management practices and their effect on the productivity and 
the environmental performance of lASs are analyzed. Despite the practice of 
vermicomposting is not commonly found in lASs it is currently used in the IAS 
prototype, hence it is included as a proposed management strategy. The analysis 
was performed using three livestock types with a fixed 3 LU ha-1, two manure 
management practices (old manure and vermicompost), three crop sequences 
(alfalfa, Cm/to, Cm/vg) and three fertilizer application rates (0, 25, 50 kg N ha-1 a·\ 
The predictive framework was applied assuming that N taken up by crop biomass is 
used to feed livestock, and the N excreted in manure is applied to crops within each 
I AS. 
7 .4.1 Productivity assessment 
The highest 0/1 ratio (0.76) was estimated for the IAS with fattening pigs, 
vermicompost and alfalfa with 50 kg N ha-1 a·1 as the specified fertilizer application 
rate (Table 7.3). A similar 0/1 ratio (0.74) was computed using the same type of 
livestock, manure management and crop but with 25 kg N ha-1 a·1; while with no 
fertilizer application the 0/1 ratio was 0. 71. lt is important to notice that when more 
fertilizer was applied, higher 0/1 ratios are predicted with the predictive framework, 
but N losses also increase in a corresponding proportion (see Section 7.4.2). 
Comparing 0/1 ratios according to the type of livestock, the predictive framework 
estimated 0/1 ratios ranging from 0.4 7 - 0. 75 in farms with pigs relaying on old 
manure application; whereas 0/1 ratios ranging from 0.31 - 0.52 were predicted for 
dairy cow/beef cattle. The 0/1 ratios estimated for the lASs in this research are 
generally higher than the 0/1 ratio (0.23) calculated for 17 pilot mixed farms 'De 
Marke' in the Netherlands (Langeveld et al., 2007). Likewise, 011 ratios of 0.22 were 
estimated for Flemish dairy farms in Belgium (Nevens et al., 2006); while 0/1 ratios 
ranging from 0.12 - 0.20 were computed for commercial dairy farms in the South 
West England (Cuttle & Jarvis, 2005). 
153 
Table 7.3. Output/Input ratio for IAS with three N fertilizer application rates, three 
crops sequences, three livestock types (stocking rate 3 LU ha·1 and two manure 
management practices. 
Livestock Alfalfa Cm/fo Cm/vg 
type/manure Fertilizer kg ha·' a·' Fertilizer kg ha·' a·' Fertilizer kg ha·' a·' 
management 0 25 50 0 50 100 0 50 100 
Dairy/beef cattle 
Old 0.37 0.46 0.52 0.33 0.39 0.43 0.31 0.35 0.37 
Vermicompost 0.37 0.47 0.52 0.35 0.41 0.45 0.32 0.35 0.37 
Sheep & goats 
Old 0.30 0.41 0.47 0.29 0.34 0.38 0.28 0.32 0.34 
Vermicomposl 0.32 0.42 0.48 0.32 0.37 0.41 0.31 0.32 0.34 
Fattening pigs 
Old 0.69 0.73 0.75 0.52 0.62 0.70 0.47 0.51 0.53 
Vermicompost 0.71 0.74 0.76 0.56 0.66 0.74 0.49 0.52 0.54 
Productivity assessed by the 0/1 ratio is an important index that indicates the NUE of 
agricultural systems (Dalsgaard & Oficial, 1997; Nevens et al., 2006; Langeveld et 
al., 2007). However, within the farm N, flows include internal N transfers from feed to 
animal, from manure to soil, from soil to crops, and from crops to feed. Each N flow is 
associated with losses, consequently each conversion step has its own N use 
efficiency (Neeteson et al., 2004). In this regard Schroder et al. (2003) suggested 
conversion coefficients for the internal N transfers such as the soil N into harvestable 
crop N, harvestable crop N into feed N, feed N into animal product and manure N to 
soil. These N conversion coefficients can provide information on weaknesses of 
internal N transfers. Hence, the evaluation of conversion coefficients within lASs in 
the study region is suggested for future work in Mexico. Further analysis of lASs will 
rely on the predictive framework developed in this work together with research 
conducted by local institutions such as the Colegio de Postgraduados, The 
Universidad Autonoma Chapingo and the International Wheat and Maize 
Improvement Centre (CIMMYT). 
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7.4.2 Environmental performance assessment 
Environmental performance can be assessed by analyzing Noss and c.SNP trends. 
Nitrogen losses in lASs with dairy/beef cattle relying on old manure application 
showed the highest values ranging from 177 - 210 kg ha-1 a·1 compared to lASs with 
pigs (101 - 132 kg ha-1 a·1). Lower N losses were estimated when manure was 
managed under vermicomposting (Table 7.4). Vermicomposting can be regarded as 
an alternative method to reduce N losses in lASs in the Texcoco region. However, 
additional research must be conducted on NUE to support this assertion, such as 
linking pre-composting and vermicomposting effectively. 
Table 7.4. Nitrogen losses (kg ha-1 a·1) for IAS with three N fertilizer application rates, 
three crops sequences, three livestock types (stocking density 3 LU ha-1) and two 
manure management practices. 
Dairy/beef cattle 
Old 
Vermicompost 
Sheep & goats 
Old 
Vermicompost 
Fattening pigs 
Old 
Vermicompost 
Alfalfa Cm/fo 
Fertilizer kg ha·' a·' Fertilizer kg ha·' a·' 
0 
177 
129 
170 
120 
101 
76 
25 
184 
137 
178 
127 
109 
83 
50 0 
192 178 
144 135 
185 172 
135 125 
116 101 
91 77 
50 100 
194 210 
150 166 
188 203 
141 157 
117 132 
93 109 
Cmlvg 
Fertilizer kg ha·' a·' 
0 50 100 
178 193 209 
134 150 165 
171 187 203 
125 140 156 
101 116 132 
77 93 108 
Dairy cows are the type of livestock most commonly kept in the Texcoco region, and 
according to this research this system was neither the most productive nor 
environmentally friendly. For example, with the Cm/vg crop sequence, a greater 
amount of N is imported as feed because not enough animal feed is produced within 
the farm; however, local farmers manage small pieces of land with different crops in 
order to minimize imported feed requirements. In this regard, the predictive 
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framework developed in Chapter 5 estimates N flows on a per hectare basis and one . 
disadvantage is its limitation to evaluate combinations of crop sequences in terms of 
fractions of a hectare. The predictive framework could be improved for future work in 
Mexico, together with careful parameterisation of particular models within the core 
components. The change of N in the SNP presented in Table 7.5 showed that in 
spite of losing greater amounts of N with dairy/beef cattle and sheep/goats; these 
types of livestock with alfalfa as the crop sequence did not show N depletion. 
Nevertheless, N depletion was observed in farms with pigs, Cm/fo and Cm/vg as 
crop sequences, no fertilizer use and old manure application (see Table 7.5). This 
type of result was more evident in lASs with typical manure management (i.e. 
applying old manure). Based on estimates derived in this research it is important to 
consider a rational and efficient use of fertilizer in lASs, because on the one hand the 
application of N fertiliser increases productivity by providing available N for plant 
uptake, while on the other hand higher rates of N fertilizer could result in increasing N 
losses which could jeopardize the IAS profitability. 
Table 7.5. Change of soil N pool (kg ha-1 a·1) for IAS with three N fertilizer application 
rates, three crops sequences, three livestock types with 3 LU ha-1 and two manure 
management practices. 
Dairy/beef cattle 
Old 
Vermicompost 
Sheep & goats 
Old 
Vermicompost 
Fattening pigs 
Old 
Vermicompost 
Alfalfa Cm/fo 
Fertilizer kg ha·' a·' Fertilizer kg ha·' a·' 
0 
62 
113 
58 
117 
19 
49 
25 
78 
129 
74 
132 
36 
65 
50 
92 
143 
89 
147 
0 
-3 
38 
-6 
40 
51 -32 
81 -9 
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50 
4 
45 
1 
48 
100 
12 
52 
9 
55 
-25 -18 
-2 5 
Cm/vg 
Fertilizer kg ha·' a·' 
0 50 100 
4 
42 
1 
53 
15 
53 
12 
56 
-25 -14 
-3 8 
26 
65 
23 
67 
-3 
19 
7.5 Extreme scenario evaluation 
In this section "what if' questions are discussed, even though some scenarios would 
not be considered as integrated practices according to the definition referred in 
Chapter 2. Three scenarios were discussed: no livestock, no fertilizer application and 
exporting all manure. The analysis was executed for lASs with 3 LU ha·1 of dairy 
cows and the most typical crop sequences found in the Texcoco region (see Table 
7.6). The effect on 0/1 ratio, Nacc. N1055 and t.SNP is discussed below. 
7.5.1 What if livestock are removed? 
Estimations of 011 ratios were 0.99 and 2.84 for farms with crop sequences of Fm/fo 
and alfalfa respectively, compared to 0.58 for lASs with Cm/vg. Productivity 
assessed by the 0/1 ratio in Europe is generally higher (0.40 - 0.80) for arable farms 
(crops and vegetables) without livestock than mixed farms (0.10 - 0.40) which 
include animals (Schroder et al., 2003; Neeteson et al., 2004). OutpuUinput ratios of 
2.84 were computed for the forage crop sequence (Fm/fo) in this research. This was 
because of the gramineae-gramineae crop sequence; where BNF is low (<20 kg) due 
to 70 kg of N fertiliser application rate per crop. Likewise, the exported N (kg Mg-1 
OM) exceeded the N input because of the characteristic of being cut forage for both 
maize and oat (see Table 7.6). 
No livestock scenarios showed Ntoss ranging from 50 - 75 kg ha·1 a·1 , and these 
values were the lowest compared to scenarios without fertilizer application and 
exporting all manure (see Table 7.6). Tavy (1990) mention N1055 of approximately 
70% from arable crops in the UK; whereas Limon-Ortega et al. (2000) observed 72% 
of N losses in terms of applied N fertilizer in irrigated wheat in North-western Mexico. 
Alfalfa was the crop which produced the lowest Ntoss· For this reason is likely to be 
the crop that best fit high 0/1 ratios and low N1oss compared to Fm/fo and Cm/vg in the 
Texcoco region. There was a direct relationship between N accumulated and t.SNP; 
thus higher Nacc values correspond to higher t.SNP. Notice that depletion of N was 
not observed with the alfalfa crop (Table 7.6). 
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Table 7.6. Nitrogen flows (kg ha-1 a·1) for lASs under extreme scenarios. 
No livestock0 No fertilizer" Exporting all manure• 
Fm/fo Cm/vg Alfalfa Fm/fo Cm/vg Alfalfa Fm/fo Cm/vg Alfalfa 
Input 
Imported 
animal feed 
Output 
Exported 
crop 
Exported 
animal feed 
Nacc 
0/1 ratio 
t.SNP 
194 
0 
552 
0 
192 
0 
111 
68 
517 76 
0 0 
514 165 
30 0 
368 
293 
121 
34 
352 194 
0 0 
165 324 
23 0 
552 44 484 78 0 55 237 
49 42 79 78 65 112 49 
2.84 0.58 0.99 2.16 0.33 0.47 1.67 
75 72 50 184 180 178 216 
-10 -8 51 17 14 77 -10 
"No fertilizer means 0 kg ha-1 a·1 against 140 kg ha·1 a·1; 
I,JRemoving animals means no animals compared to 3 LU ha-1 a·1; 
• Manure exported was the corresponding to 3 LU ha·1 a·1 of dairy cow 
7.5.2 What if fertilizers are not used? 
464 
272 
155 
68 
517 
0 
286 
30 
0 169 
42 79 
0.33 0.55 
213 191 
-8 51 
In the study region, fertilizer use is generally low (0- 160 kg ha-1 a·1); however, most 
of the producers apply some fertilizers such as urea, ammonium nitrate, ammonium 
sulphate. Values of 0/1 ratio, N1055 , and t.SNP quantified by the predictive framework 
showed figures following similar patterns to those values estimated for scenarios with 
no livestock and exporting all manure (see Table 7.6). However, 0/1 ratios were lower 
(0.33- 2.16) than those observed for the scenario with no livestock (0.58- 2.84). 
Forage crops (Fm/fo) had the highest 0/1 ratio while Cm/vg had the lowest. Nitrogen 
losses were nearly three times bigger than corresponding values in the scenario 
without animals (Table 7.6), which indicated the importance of the livestock 
component in N losses in lASs. Although higher Nacc was observed when no fertilizer 
is applied than when no animals are included. Exceptions are the scenarios with 
alfalfa as the crop, in which BNF played a crucial role in the overall N flow (Peoples 
et al., 1995). 
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7.5.3 What if manure is exported? 
Some farms in the Texcoco region export manure from the smallholding, hence a 
scenario where all manure is traded off the farm was analyzed. Similar 0/1 ratios 
were observed when comparing corresponding scenarios without fertilizer, but higher 
N losses were predicted. As expected, exporting manure is not to be recommended 
in terms of 0/1 ratio, N1ass and i'>SNP in lASs. Therefore, a reorientation of manure 
management for lASs exporting manure in the study region is needed. Accumulated 
N and i'>SNP were similar to that on the scenario without livestock (see Table 7.6), 
but showed the highest N losses. This was because the predictive framework 
included all N1ass for the livestock scenario, but with the difference that the manure 
was finally exported and not recycled within the IAS. 
7.6 Discussion 
The understanding of N loss processes in agricultural systems has suggested 
general management practices however, accurate estimates of NH3 losses are given 
with less confidence due to multiple controllable and uncontrollable factors involved 
under specific field conditions (Davidson & Mosier, 2004 ). Best Management 
Practices (BMPs) are farming methods that assure optimum plant growth and 
minimize adverse environmental effects (Aneja et al., 2007). The BMPs presented in 
this section are directed primarily toward minimizing nitrogen losses in the core 
components of lASs. 
Recommended management practices are summarized in Table 7.7. In addition, the 
internal N transfer between components is essential to understand and analyze 
because of their influence on NUE. Hence, management practices to minimize N 
losses could be highlighted in every internal N transfer. This could be done for future 
work by calculating internal N transfer coefficients suggested by Schroder et al. 
(2003), (see section 7.4.1 ). For example, not only is reducing the N content in animal 
diet important to reduce excreted N, but also the type of animal and its corresponding 
genetic characteristic strongly influence the conversion coefficient from N intake by 
animals into animal product. In lASs in the Texcoco region the genetic aspect has not 
been considered following technical recommendations due in part to the small 
extensive character of the farming systems. On the other hand there is a lack of 
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regional programmes to replace the existing animals for breeds with genotypic 
characteristics better suited to the region and the particular characteristics of the 
productive systems. 
Table 7.7. Recommended management practices to lower gaseous N losses in core 
components of lASs. 
Management practice 
Livestock 
Reducing N content in animal 
diet 
Implementing bedding with 
highly carbonaceous materials 
during housing animals 
Manure management 
Addition of zeolite to manure 
and slurry 
Acidifying solid manure and 
slurry 
Use any method of 
management 
vermicomposting) to 
storage for long periods 
manure 
(i.e. 
avoid 
Incorporate manure 
immediately after application and 
below the soil surface 
Cropping system 
Match timing of fertilization 
with crop demand and lower 
fertilizer rates 
Multiple application of small 
fertilizer rates 
Mechanism for reducing emissions 
Increasing the efficiency of N use in animals by 
reducing the CP content in the diet will reduce 
NH3 excreted in urine and manure. 
Carbonaceous materials (i.e. straw) could 
adsorb NH3 from urine and reduce N losses. 
Zeolite is a silicate clay mineral and cation-
exchange medium that fix NH3 and hence reduce 
ammonia volatilization 
Addition of lactic or nitric acid to lower pH 
below 6 
Managing manure by a short pre-composting 
period and then vermicomposting can reduce N 
losses by changing the main factors (pH, 
temperature, H20 content) affecting ammonia 
emission. 
Increase path length for diffusion losses of 
gases, thus increasing the probability of NH3 
conversion to NH4 and reduction to NO and N20 
to N2 
Nitrogen is applied at times and in rates that 
promote more efficient crop uptake, thus 
minimizing availability of inorganic N for 
nitrification and NH3 volatilization 
Precision fertilizer application (e.g., fertigation) 
Utilise soil testing Optimum doses of N can be recommended by 
using regular soil testing 
Synchronisation of the crop Residual N from some crops (i.e. vegetables) 
sequence can be used by the following crop to supply its N 
demand (i.e. corn maize) 
Regular crop rotation Regular rotation of cropping sequences using 
legumes/non-legume 
Source: (Castellanos et al., 2001; Davidson & Mosier, 2004; Aneja et al., 2007) 
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Regarding livestock, one of the aims of the IAS prototype has been to implement 
more productive breed management which is expected to provide technical support 
by the Colegio de Postgraduados for the implementation of innovative management 
strategies and the decision making process at regional scale. The manure 
management component has been intensively studied in developed countries 
because of its significance in relation to leaching and gaseous N losses. In Europe, 
many specific management practices have been implemented to lower N leaching 
(Table 7.7). In Mexico, due to the weather conditions where ETP exceeds 
precipitation in most of the year (see Figure 5.7 in Chapter 5), N losses could have a 
different pathways. lt is suggested that the most important losses are via NH3 
emission. However, no studies have been conducted to quantify N losses at whole 
farm scale in Mexico; hence the importance of the predictive framework developed in 
this research. 
During manure management, there are three main stages where N can be easily 
volatilized: during housing of animals, manure management after leaving the barn or 
corral and manure application to land. In terms of the proportions of N losses, the 
National Ammonia Reduction Strategy Evaluation System (NARSES) model 
estimated NH3 emissions from UK agriculture for the year 2007 as follows: housing 
animals 27%, land spreading 22% and manure storage 13% of the total NH3 
emissions (Misselbrook & Chadwick, 2008); however, these percentages are more 
likely related to fresh manure management, differing from those conditions in Mexico 
where manure is stored more than 6 months and then applied to agricultural fields. 
This is another aspect that needs to be improved in the predictive framework in this 
research. In situ information is necessary for more accurate estimations of NH3 
losses. 
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Table 7.8. Impact of recommended management practices (RMP) in the reduction of NH3 emission in agricultural systems 
according to the literature. 
Typical management N content or reduction of RMP N content or ammonia Reduction 
practices in farming systems NH3 emission emission with RMP (%) 
Livestock (dairy cows) 
N content in animal diet (GP= 19.4%) TN in urine 8.5 g 1·• Reduced N in animal diet TN in urine 4.5 g r 47 
TN in faeces 24.4 g kg·' DM {GP= 13.6%) TN in faeces 20.6 g kg·' DM 16 
Straw bedding during housing animals NH3 emission (11.5% of TAN Additional straw bedding (4.7 NH3 emission (5.6% of TAN I 50 (3.5 kg LU_, d-1) excreted) kg LU-1 d'1} excreted) 
Manure management I 
Addition of zeolite to cattle slurry Reduction of NH3 emission (22% Addition of zeolite to cattle Reduction in NH3 emission 47 
(2 5%) compared to no addition) slurry (6.25%) (47% compared to no addition) 
Acidifying cattle slurry (pH = 5. 73) 65% reduction of NH3 emission Acidifying cattle slurry (pH = 88% reduction NH3 emission 
compared to no application of 4.18) compared to no application of 
lactic acid lactic acid 
Solid FYM manure incorporation 65% reduction of NH3 emission Solid FYM manure 80% reduction of NH3 emission 80 
immediately after application using compared to surface application incorporation immediately compared to surface application 
disk after application using plough 
Manure management using old Total N losses (0.8 kg kg' N Manure management using Total N losses (0.6 kg kg· N 20 
manure at lASs scale excreted by I ives lock) vermicomposting at lASs excreted by livestock) 
scale 
Cropping system 
Crop sequence synchronisation 67% of N uptake in broccoli is left Corn maize production by Production of 8.4 ton corn ---
vegetable-corn maize, drip irrigation as residues using organic residues of maize without fertilization 
and fertilizer application rate of 400 broccoli (immediate compared to a fertilization rate 
and 0 kg N ha·' respectively incorporation) of 350 kg N ha·' 
Regular rotation of Leguminous crop residues ---
leguminous crops/non- could add 60% of the N needed 
leguminous for the following crop 
Source: (Peoples et al., 1995; Castellanos et al., 2001; M1sselbrook et al., 2005; AneJa et al., 2007; Thorman et al., 2007; G1lhespy 
et al., 2009). 
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7 .6.1 Impact of recommended management practices on N losses 
Management practices related to crop sequences mentioned in Table 7. 7 are 
typically recommended for conventional agricultural systems. The quantitative impact 
of suggested management practices in developed countries is highlighted in Table 
7.8. Some of them involve high cost and technological availability (i.e machinery). In 
Mexico smallholders face additional obstacles in the implementation process. For 
example given the lack of stimulus by the federal government, only a few extensive 
and semi-intensive agricultural producers can afford to implement technological 
innovations. In addition, information on the negative impact of N losses on natural 
habitats and the impact on productivity is needed. Overall, practical and relatively 
simple management practices in the cropping system are potentially promising, and it 
is essential to support, with evidence, the impact that recommended management 
practices could produce at farm scale. 
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CHAPTER 
8 
Research synthesis, conclusions and future work 
8.1 Introduction 
The aim of this research was to assess nitrogen dynamics in integrated agricultural 
systems in central Mexico. Chapter 3 discussed the research context and N budgets 
in the IAS prototype. After defining the main gaps of data and information, N losses 
through ammonia volatilization during vermicomposting were studied and analyzed in 
Chapter 4. The predictive framework developed in Chapter 5 played a central role in 
the process of analyzing productivity and environmental performance of lASs in the 
Texcoco region (Chapters 6 and 7). In this chapter, a research synthesis is followed 
by conclusions based upon the research outcomes and the information presented in 
previous chapters. Finally, recommendations for future work leading to an improved 
understanding of N flows and dynamics at small-farm scale in the Texcoco are 
highlighted. 
8.2 Research synthesis 
8.2.1 Nitrogen budgets and flows in integrated agricultural systems in the Texcoco 
region 
Nitrogen budgets estimated in this research for lASs in the Texcoco region confirmed 
that N inputs and outputs are strongly influenced by management strategies (crop 
sequence, type of livestock and stocking density), management practices (manure 
management practices) and internal N transfers. Nitrogen inputs were observed to 
depend strongly on biological nitrogen fixation (BNF). For instance, BNF in lASs with 
alfalfa accounted for approximately 50 - 80% of the total N inputs, while in lASs with 
the combination of corn maize/forage crops and vegetable as crop sequences, BNF 
ranged from 2 - 35%. These percentages supported the importance of BNF in 
agricultural systems. Crew (1993) and Peoples et al. (1995) noted that between 50-
98% of the N content in alfalfa is attributed to BNF. Biological N fixation has been 
underestimated and many times omitted from farm gate and soil N balance studies in 
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conventional farming systems where N fertilizer is still the main N supply to crops; 
however, in organically managed agro-ecosystems where N fertilizer is omitted, BNF 
by using leguminous crops either as green manure or mulch can be one of the most 
important N inputs to supply crop N demand in organically managed agro-
ecosystems (Moller, 2009). For instance, Pietsch et al. (2007) estimated N derived 
from BNF of 47- 49% of the harvested N in lucerne in organic farming systems. This 
research reaffirms the crucial role of BNF in the N flow at farm scale. In addition to N 
input by BNF, a significant input of N through rainfall (30 - 35 kg N ha-1 a·1) was 
estimated in the Texcoco region. This is another N input that could impact N balance 
at farm scale in the Valley of Mexico, as N deposition is evidently influenced by the 
urban activity of Mexico City. Nitrogen input through fertiliser ranged from 0- 140 kg 
ha-1 a·1 which suggests that many agricultural producers still rely on manure as the 
main source of N for crops. Hence, improving the efficiency of N utilization from 
animal manure will decrease N losses in the livestock component and could have the 
potential benefit of replacing N fertilizer and thereby decreasing N losses associated 
with fertilizer. Similar findings were drawn by Abegaz (2007) in smallholder farming 
systems in the Northern Highlands of Ethiopia, where the nutrient monitoring model 
(NUTMON) accounted an annual N depletion ratio of 4.3% in agricultural soils. 
In the Texcoco region, more efficient internal N transfer among core components 
could lead to an improvement in N utilization at farm scale. Consequently, further 
work assessing internal N transfer coefficients is recommended for future work. 
Nitrogen budgets of some grassland-based dairy farming systems in the United 
Kingdom and the Netherlands showed ranges of N inputs between 50 - 500 kg N ha-1 
a·1, total N output via milk and meat between 5 and 75 kg N ha-1 a·1 and potential N 
losses (surpluses) ranging from 50 - 450 kg ha·1 a·1 (Oenema, 2006). lt was 
observed through the literature that in the UK. in addition to a series of increasingly 
strict regulations on N use and management in agriculture, one alternative farming 
system that has been adopted in order to reduce N losses is organic production. In 
this respect, Shepherd et al. (2003) found lower N losses in organic arable farms (26 
± 24 kg N ha·1 a·1) and grass farms (82 ± 7 kg N ha-1 a·1) than conventional arable 
farms (102 kg ha·1 a·1) and grass farms (154 kg ha-1 a·\ 
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The main N outputs from lASs in the Texcoco region were the marketable products 
(milk, meat, harvested crop). The novelty of this research in comparison with farm 
gate and soil N balance was the level of detail and the multiple elements considered 
in the predictive framework. Oenema (2006) suggested that a study of system N 
balance could increase the understanding of processes and interrelationships at farm 
scale. However, there are differences in the way N balances are calculated and 
interpreted due to the lack of well established and generally approved guidelines for 
their use (Nevens et al., 2006) and this makes the comparison between studies 
difficult. Oborn et al. (2003) highlighted four major weaknesses for European farming 
systems that made it difficult to accurately calculate farm scale nutrient balance (i) 
the wide variability between the actual and reported nutrient composition of feed 
concentrates, (ii) uncertainties in the estimates of the amount and composition of N in 
manure, (iii) the assessment of changes in standing stocks on the farm, and (iv) the 
accuracy of the data supplied by farmers. In Mexico, small scale farming systems are 
more complex than commercial farming systems in terms of diversification of 
components and management strategies. Hence additional complications could be 
highlighted within core components of lASs. These include multiple sources of animal 
feed with a wide range in N content and small agricultural areas dedicated for 
different crops. Additionally, smallholder agricultural producers rarely record N inputs 
and outputs and hence estimations of N flows could have a wide range of variation 
when compared to other research. 
8.2.2 Productivity and environmental performance of integrated agricultural systems 
OutpuVinput ratio can be used to evaluate productivity performance in complex agro-
ecosystems like integrated agricultural systems; however, Dawson et al. (2008) 
suggest that values related to N use efficiency i.e. 0/1 ratio should be interpreted with 
caution when used as a productivity indicator due to the multiple interactions at farm 
scale. Productivity of integrated agricultural systems in the Texcoco region varied 
widely (0.28 - 1.05}, even though all farms are found in the same geographical 
region. The range of variation is likely to be due to the range of management 
strategies and also because of possible overestimations in the N outputs through 
marketable products. Cuttle and Jarvis (2005) observed N efficiencies in commercial 
dairy farms in the UK within one geographical region ranging from 0.12 - 0.20. 
Oenema, (2006) quoted N efficiency in dairy cattle under intensive grazing in the 
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Netherlands of 0.13; whereas in experimental dairy farms in the Netherlands (De 
Marke) N efficiencies of 0.31 were quantified by Hilhorst et al. (2001 ). In the United 
States the average N efficiency from 50 commercial dairy farms ranged from 0.28 -
0.39, farms that grew crops (n = 23) had lower N efficiency than farms that grew no 
crops (n = 18) (Spears et al., 2003). In tropical countries, Dalsgaard and Oficial 
(1997) quantified N efficiencies ranging from 0.17 - 1.19 in Philippine smallholder 
mixed farms. Hence, estimated 0/1 ratios for smallholder farming systems in the 
Texcoco region can give a general indicator of their productivity performance, 
nevertheless, further research is needed to improve accuracy of nitrogen use 
efficiency indices. 
The implementation of N balances as tools to meet environmental targets for N 
management in agriculture assumes that there is a direct or indirect relation between 
N surpluses and their environmental impact. Thus, it could be assumed that a 
reduction of N inputs will result in a corresponding reduction of N losses, and 
therefore also impact on the environment. However, this relation is not so simple. As 
mentioned by Oborn et al. (2003), N balances provide an integrated measure of 
potential total N losses called 'N surpluses' in the farm gate and soil balance 
approaches. However the N surplus may either be temporarily stored within the 
system i.e. soil, or lost to the environment. Conversely, a decrease in N surplus does 
not necessarily mean a decrease in N losses. In this research instead of considering 
the N surplus resulting from the balance, N losses were calculated based upon the 
best available information for the Texcoco region; hence, for any change of N inputs 
or management strategy within the farm, a corresponding N loss was quantified. 
Environmental performance assessed by N loss ranged from 70 - 528 kg N ha-1 a-1 in 
integrated agricultural systems in the Texcoco region. Nitrogen surpluses in 
commercial grassland dairy-farming systems in Europe range from 50- 450 kg N ha-
1 a-1 (Whitehead, 2000). This researcher noted that an increase of N fertilizer and 
imported animal feed increased N losses. However, these agricultural systems rely 
on high N fertiliser application rates; while lASs in the Texcoco region smallholders 
rely on manure application to agricultural land. Nevertheless, greater amounts of 
imported animal feed and imported and exported manure N resulted in higher N 
losses. In the UK, quantified N losses by N flow models (NCYCLE-grassland, 
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MANNER-manure application, SUNDIAL-arable) ranged from 137 - 220 kg ha·1 a·1 
for commercial dairy farms (Guttie & Jarvis, 2005). In temperate agriculture and 
specifically N surpluses in the UK have been reduced from 46 to 22 kg N ha-1 from 
1985 to 2002 according to the soil N balance (without including livestock) conducted 
by the OEGD,(DEFRA, 2008). This data for the UK could suggest that a coordinated 
effort between government, researchers and farmers can lead to a more efficient N 
utilization in agricultural systems. Therefore, it is important to study productivity and 
environmental performance for a better understanding of N dynamics and to provide 
information and highlight main N use efficiency tendencies at farm scale in Mexican 
agriculture. 
The change of N in the SNP in lASs in the Texcoco region ranged from -37 to 124 kg 
N ha-1 a-1. These values suggest that some current management practices such as 
crop sequence between maize corn/forage crops and vegetables together with 
manure management practices lead to N depletion, while alfalfa and grassland 
showed N accumulation in the SNP. The change of SNP is commonly ignored in 
most farm gate and soil surface N balances. Nevertheless, Guttie and Jarvis (2005) 
assessed N retained on farm which corresponded to 22 and 35% of the total N inputs 
(from 66- 158 kg N ha-1 a"1). Hence, it is important to mention that in situ research is 
needed to improve accuracy of N flows and consequently NUE indices in small-scale 
agricultural systems in Mexico. Hence, it is recommended that this type of research 
be conducted in future work in central Mexico. 
8.3 Conclusions 
The first objective was to assess the nitrogen budget in an integrated agricultural 
system prototype in central Mexico. lt was concluded that: 
1. Estimated nitrogen inputs in the IAS prototype with grassland, goaUsheep ( 4.4 
LU ha-1) and vermicompost were as follows: biological fixation (260 kg ha-1 a"1) 
imported food (249 kg a-\ vermicompost (36 kg ha-1 a-1) and biological N 
fixation (35 kg ha·1 a-1). Nitrogen outputs were marketable products such as 
goat milk, meat, vegetables and fruits totalling 119 kg ha·1 a-1. Applying the 
predictive framework N losses in the IAS prototype were estimated to be 
approximately 162 kg ha-1 a-1. 
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2. The main N inputs into integrated agricultural systems in the Texcoco region 
were estimated to be in the following order of significance biological N fixation 
( 11 - 532 kg N ha·1 a-1 ), manure (15 - 225 kg N ha· 1 a-1 ), fertilizer (0 - 140 kg 
N ha-1 a-1) and rainfall water (30- 35 kg N ha-1 a·\ 
3. The main N outputs were as N losses (70- 528 kg N ha-1 a-1 ) and exported N 
in marketable products (72 - 338 kg N ha-1 a-1). Values depend on the specific 
management practices such as crop sequence, livestock type/stocking density 
and manure management. 
The second objective was to quantify nitrogen losses during vermicomposting, 
particularly through ammonia volatilization. lt can be concluded that: 
4. During the experimental Phase I (pre-composting), sheep manure with 
additional straw (C:N 26) showed a reduction of 10% of NH3 emissions in 
comparison to without additional straw (C:N 20). Most NH3 volatilization 
occurred during the first two weeks of the pre-composting phase. 
5. During Phase 11 (vermicomposting) the lower water content (70%) and higher 
temperature (22°C) increased NH3 volatilization, compared to higher water 
content (80%) and lower temperature (15°C). Ammonia emission ranged from 
8 - 15% of the substrate initial N content. 
6. Ammonia emissions during the vermicomposting process (Phase I plus Phase 
11) ranged from 10 to 15 kg N Mg-1 DM. This corresponds to 42- 47% of the 
initial N content of sheep manure. 
7. Vermicomposting can be viewed as a positive manure management practice 
in lASs to reduce NH3 emissions. 
The third and fourth objectives focussed on the development of the predictive 
framework to assess the impact of selected management practices on productivity 
and environmental performance at farm scale. The following conclusions can be 
drawn: 
8. Management practices such as crop sequence, livestock type, stocking 
density and manure management significantly affected the productivity (0/1 
ratio) of lASs in the Texcoco region. 
9. The effect of selected management practices on productivity was as follows: 
crop sequence > stocking density > livestock type > manure management. 
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Alfalfa showed high productivity and low N losses, while forage crops showed 
high 011 ratio but also high N losses. The effect of livestock type on 011 ratio 
from high to low productivity was observed as follow: pigs > dairy cows/beef 
cattle > sheep/goats. 
10. The effect of manure management on 0/1 ratio showed that applying 
vermicompost and fresh manure produced the highest 0/1 ratios compared to 
applying old manure. 
11. Nitrogen losses decreased as follows: stocking density > livestock type > 
manure management > crop sequence. A stocking rate of more than 3 LU ha·1 
reduced productivity and increased N loss at smallholder farm scale. 
12. Nitrogen accumulation showed a positive response with a legume crop, while 
N depletion was observed during forage crop sequences. Manure 
management through vermicomposting showed the highest values of N 
accumulation in the soil N pool. 
13. The predictive framework can be used as a management tool to highlight 
NUE indices at farm scale for agricultural systems in central Mexico. 
14. Higher productivity together with a more benign environmental impact could 
be attained in smallholder farming systems by implementing simple 
recommended management practices at farm scale. 
8.4 Recommended future work 
Based upon this research which assessed N dynamics at farm scale, the following 
recommend future work is proposed to take the further findings further. 
Livestock component: 
• In situ experiments addressing the reduction of N excreted by assessing 
animal N intake through the evaluation of regional diets are required to 
determine N flows more accurately. Improving the efficiency of N utilization at 
animal level could lead to a significant reduction in N losses. 
• Evaluation of N losses from animal housing (NH3 emissions and N03 leaching) 
and the effect of implementing bedding by using crop residues and/or regional 
materials such as tepetate, which is a volcanic soil with low organic N (0.5 g N 
kg"\ 
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Manure management: 
• In situ experiments on management strategies to improve the efficiency of N 
utilization are necessary. The quantification of N losses (NH3 emission and 
N03 leaching) from typical manure management practices such as in field 
manure storage and covering manure piles with crop residues are suggested. 
• Further research on N dynamics and losses during vermicomposting is 
needed. Special attention should be given to the duration of Phase I (pre-
composting) in order to achieve substrate sanitation and suitability for worm 
inoculation and growth. 
Cropping system: 
• Further work on biological N fixation for the most common groups of crops (i.e. 
legumes, cereals) is needed in order to determine more accurately ranges of 
N fixation. Characteristics of the weather, soil and management strategies 
must be considered to quantify N inputs by BNF into the cropping system. 
• Experiments on N accumulation after a forage crop is harvested are required. 
This will allow the estimation of N mineralization, and the contribution to the 
soil N pool. 
Assessing productivity and environmental performance of farming systems: 
• Internal transfer coefficients such as the soil N into harvestable crop N, 
harvestable crop N into feed N, feed N into animal products and manure N to 
soil needs to be developed. Internal transfer coefficients could provide 
information on weaknesses of internal N transfers at farm scale in central 
Mexico. 
• The predictive framework can be further developed and refined using more 
accurate input, output and internal N transfer data (generated in situ). Finally, 
further work needs to be carried out on data variability to refine the reliability of 
the estimates from the predictive framework. 
Further work to complement this project could include: 
• Acceptability of recommended management practices by smallholders 
• Implementation of N dynamics studies assessing medium and long terms 
effects of recommended management practices. 
• Economical impact of recommended management practices at smallholding 
farming scale. 
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Appe:ndiices 
Appendix A:; IExarnple questionnaires !(3) completed iby smallholders 
detailing mani.u;e and! IN fertilizer mimagerr1EHit practices in the 
Texc()co 1region. 
18} 
Farmer code: G 
Date: 13Nov./2007 
Community: San Bernardino. Texcoco , agricultural land area (ha): 
irrigated 2 ha, rain fed , total 2 ha 
1. Which are the main crops cultivated in the spring-summer and autumn-winter 
seasons? 
2. What is the land area dedicated to each crop? 
3. Which are the main sources of manure, vermicompost and N fertilizer and 
what type of application method use? 
Summary table to collect information for questions one to three 
Application time and method 
Crop Area Nutrient Application Application Time of Incorporation 
(ha) source* method** rate application** time after 
(kg /ha) * application 
Corn maize 
Forage maize 1 Manure 1 225 Dry season Within the same 
day of application 
Beans 
Wheat 
Lettuce 
Broccoli 
Onion 
Husk tomato 
Courgette 
Oat 
Grass 
Alfalfa 1 Manure 1 225 Dry season Within lhe same 
day of aQIJiication 
Alfalfa 
Barley 
Other 
Fruit trees 
Comments 
. . 
*manure, fertilizer other; •• Application method: 1 == spread, 2= targeted;***season/month . 
4. Do you receive professional advice on soil fertility management? YES or NO. 
If the answer is YES, from which institution?_-'N'-'--"'0'-------
5. What type of animal, stocking density and animal diet do you manage in your 
farm? 
Livestock Management* Stocking Animal diet (forage, Grazing Grazing 
type (1, SI, E, G) density concentrate etc.) season hours 
Dairy cattle SI 8 Forrage maize, alfalfa na na 
Beef cattle 
Dairy and 
beef cattle 
Sheep 
Goats 
Poultry 
Comments 
.. Management*: I= mtens1ve, Sl=semHntens1ve, E= extensive y G= graz1ng 
188 
6. What are the most typical manure management practices in your farm? 
Manure management practices 
Manure piling in Manure piling Composting 
field in stable 
Storage time 6 month 
period 
7. Do you import manure from outside the farm? YES, NO. 
If the answer is YES, What type and quantity do you import? 
Quantity NO Type: ______ _ 
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Farmer code: J 
Date: 17/Nov./2007 
Community: Tocuila. Texcoco , agricultural land area (ha): 
s 
irrigated , rain fed 1. 7 ha _, total 1. 7 ha 
1. Which are the main crops cultivated in the spring-summer and autumn-winter 
seasons? 
2. What is the land area dedicated to each crop? 
3. Which are the main sources of manure, vermicompost and N fertilizer and 
what type of application method use? 
t bl t 11 t . f r f r t th ummary a e o co ec 1n orma 1on or ques 1ons one o re e. 
Application time and method 
Crop Area Nutrient Application Application Time of Incorporation 
(ha) source* method** rate application** time after 
(kg /ha) * application 
Corn maize 1.7 Manure 1 122 Dry season 1 day 
(march) application 
Forage maize 
Beans 
Wheat 
Lettuce 
Broccoli 
Onion 
Husk tomato 
CourQette 
Oat 
Grass 
Alfalfa 
Alfalfa 
Barley 
Other 
Fruit trees 
Comments 
. . 
*manure, fertilizer other; ** Application method: 1 = spread, 2= targeted;***season/month . 
4. Do you receive professional advice on soil fertility management? YES or NO. 
If the answer is YES, from which institution?_---'N'-'--"0 ____ _ 
5. What type of animal, stocking density and animal diet do you manage in your 
farm? 
after 
Livestock Management* Stocking Animal diet (forage, Grazing Grazing 
type (1, SI, E, G) density concentrate etc.) season hours 
Dairy cattle SI 2 Forage oat, maize stover and rarely 4 hours 
alfalfa 
Beef cattle 
Dairy and 
beef cattle 
Sheep 
Goats 
Poultry 
Comments 
.. Management*: I= 1ntens1ve, Sl=sem1-1ntens1ve, E= extens1ve y G= graz1ng 
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6. What are the most typical manure management practices in your farm? 
Manure manaQement practices 
Manure piling in Manure piling Composting 
field in stable 
Storage time 12 month 
period 
7. Do you import manure from outside the farm? YES, NO. 
If the answer is YES, What type and quantity do you import? 
Quantity NO Type: ______ _ 
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Farmer code: D 
Date: 19/Nov./2007 
Community: San Dieao. Texcoco , agricultural land area (ha): 
s 
irrigated 0.5 , rain fed 1.5 ha, total 2.0 ha 
8. Which are the main crops cultivated in the spring-summer and autumn-winter 
seasons? 
9. What is the land area dedicated to each crop? 
10. Which are the main sources of manure, vermicompost and N fertilizer and 
what type of application method use? 
ummary I bl I 11 t . f t" f I th a e o co ec tn orma ton or ques tons one o re e. 
Application time and method 
Crop Area Nutrient Application Application Time of Incorporation 
(ha) source* method** rate application** time after 
(kg /ha) * application 
Corn maize 1.0 N fertilizer 2 140 Crop growing 
season 
Forage maize 
Beans 0.5 P fertilizer 2 140 Crop growing 
season 
Wheat 
Leltuce 
Broccoli 
Onion 
Husk tomato 
Courqette 
Oat 
Grass 
Alfalfa 0.5 P fertilizer 1 140 Crop growing Dissolved 
season irriqation water 
Alfalfa 
Barley 
Other 
Fruit trees 
Comments 
. . 
*manure, fertthzer other; ** Apphcatton method: 1 = spread, 2= targeted;***season/month . 
11. Do you receive professional advice on soil fertility management? YES or NO. 
If the answer is YES, from which institution? __ N'-'-"'0'---------
12. What type of animal, stocking density and animal diet do you manage in your 
farm? 
Livestock Management* Stocking Animal diet (forage, Grazing Grazing 
type (1, SI, E, G) density concentrate etc.) season hours 
Dairy cattle SI 
Beef cattle 
Dairy and 
beef call le 
Sheep I 10 Forage oat, alfalfa and 
concentrate 
Goats 
Poultry 
Other (pigs) I 30 Concentrate 
.. Management*: I= tntenstve, Sl=semt-tntenstve, E= extenstve y G= graztng 
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in 
13. What are the most typical manure management practices in your farm? 
Manure management practices 
Manure piling in Manure piling Composting 
field in stable 
Storage time 6 month 
period 
14. Do you import manure from outside the farm? YES, NO. 
If the answer is YES, What type and quantity do you import? 
Quantity NO Type: ______ _ 
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Appendix B, lihe; pr;edictiv_e framewwk ,for nitr;og~n ,flow.s: spliead~l'leet, 
~main :teatulies .. 
194: 
This appendix is divided in two main sections: A) highlights the features used in the 
development of the predictive framework tool in the spreadsheet, and B) displays the 
'output master sheet' with a summary output scenarios. 
A). The main Excel features applied to design the predictive framework for N flow in 
lASs is shown in the Table below. 
Input master sheet Excel feature 
(Figure X) 
Community Choose from a 'drop dawn list' 
Crop 1 & Crop 2 Choose from a 'drop dawn list' 
N Inputs 
IC1 =+IF($BC$169=$AS$258,$AU$258, IF($BC$169=$AS$259,$A 
U$259, I F($BC$169=$AS$260,$AU$260, I F($BC$169=$AS$26 
1 ,$AU$261 ,IF($BC$169=$AS$262,$AU$262,1F($BC$169=$A 
S$263,$AU$263,1F($BC$169=$AS$264,$AU$264,0))))))) 
IC2 =+IF($BC$169=$AS$258,$AV$258, IF($BC$169=$AS$259,$A 
V$259, IF ($BC$169=$AS$260, $A V$260, IF ($BC$169=$AS$26 
1 ,$AV$261 ,IF($BC$169=$AS$262,$AV$262, IF($BC$169=$A 
S$263,$AV$263, I F($BC$169=$AS$264,$AV$264,0))))) )) 
IC3 =+IF($BC$169=$AS$258,$AW$258,1F($BC$169=$AS$259,$ 
AW$259,1F($BC$169=$AS$260,$AW$260, IF($BC$169=$AS$ 
261 ,$AW$261 ,IF($BC$169=$AS$262,$AW$262,1F($BC$169= 
$AS$263,$AW$263, I F($BC$169=$AS$264 ,$AW$264, IF ($BC 
$169=$AS$265,$AW$265,0)))))))) 
IC4 =+IF($BC$169=$AS$258,$AX$258, IF($BC$169=$AS$259,$A 
X$259,1F($BC$169=$AS$260,$AX$260,1F($BC$169=$AS$26 
1 ,$AX$261 ,IF($BC$169=$AS$262 ,$AX$262, IF($BC$169=$A 
S$263,$AX$263, IF($BC$169=$AS$264,$AX$264, IF($BC$16 
9=$AS$265 ,$AX$265 ,0)))))))) 
IC5 =+$AK$275+1F($BC$178=$Y$226,$Z$226,1F($BC$178=$Y$2 
27,$Z$227,1F($BC$178=$Y$228,$Z$228,0))) 
IC6 (N fertilizer) Independent variable (manual input) 
IC7 =+IF($BC$169=$AS$261 ,$AK$27 4, IF($BC$169=$AS$264,$A 
195 
K$27 4,$AK$27 4*$AK$162)) 
N Output 
OC1 =+IF($BC$169=$AL$239,$AH$246,1F($BC$169=$AL$240,$A 
N$240,1F($BC$169=$AL$241 ,$AM$241 +$AN$241 ,IF($BC$16 
9=$AL$242,$AM$242,1F($BC$169=$AL$243,$AM$243+$AN$ 
243, IF($BC$169=$AL$244,$AM$244+$AN$244,1 F($BC$169= 
$AL$245,$AM$245,1F($BC$169=$AL$246,$AM$246,0)))))))) 
OC2 =+$AQ$236*$U$145; =+SUM(BG168:BG173); 
OC3 =+$AQ$236*$V$145; 
OC4 =+$AQ$236*$W$145; 
Livestock Internal subroutine 
IL 1 =+'General OATATABLE N mass Flow '!$0$105 
IL2, 3, 4 & 5 =+'General OATATABLE N mass Flow '!$0$111 
=+'General OATATABLE N mass Flow '!$0$115 
=+'General OATATABLE N mass Flow '!$0$118 
=+'General OATATABLE N mass Flow '!$0$121 
N output 
OL 11 =+IF(E59=$E$57,C68*F68*$G$59,0) 
OL 12 =+IF(E59=$E$57,C69*F69*$G$59,0) 
OL13 =+IF(E59=$E$57,C70,0) 
manure Vermicomposting subroutine 
management Fresh and old manure subroutines 
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B). Output master sheet from the predictive framework for N flow (kg N ha'1 a·1) 
Crop 
sequence 
Cmlfo 
Cm/fo 
Cmlfo 
Cm/fo 
Cm/fo 
Cmlfo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cmlfo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cmlfo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cmlfo 
Cmlfo 
Cmlfo 
Cmlfo 
Cmlfo 
Cmlfo 
Cm/fo 
Cm/fo 
Cm/fo 
Cmlfo 
Cmlfo 
Livestock 
type 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Stock. 
Density 
(LU ha-1) 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
Manure 
manage-
ment 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
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IC1 IC2 IC3 IC4 ICS IC6 IC7 
49 3 30 5 19 0 59 
26 3 30 5 56 0 61 
1 0 3 30 5 112 0 65 
58 3 30 5 9 0 58 
44 3 30 5 28 0 59 
28 3 30 5 56 0 61 
58 3 30 5 14 0 58 
43 3 30 5 41 0 60 
27 3 30 5 82 0 61 
40 3 30 5 19 20 60 
22 3 30 5 56 20 62 
8 3 30 5 112 20 66 
48 3 30 5 9 20 59 
36 3 30 5 28 20 60 
23 3 30 5 56 20 62 
48 3 30 5 14 20 59 
35 3 30 5 41 20 60 
22 3 30 5 82 20 62 
25 3 30 5 19 70 62 
13 3 30 5 56 70 64 
5 3 30 5 112 70 67 
29 3 30 5 9 70 61 
22 3 30 5 28 70 62 
14 3 30 5 56 70 64 
29 3 30 5 14 70 61 
21 3 30 5 41 70 62 
14 3 30 5 82 70 64 
12 3 30 5 19 140 64 
6 3 30 5 56 140 67 
3 3 30 5 112 140 70 
14 3 30 5 9 140 64 
11 3 30 5 28 140 65 
7 3 30 5 56 140 66 
14 3 30 5 14 140 64 
11 3 30 5 41 140 65 
7 3 30 5 82 140 66 
61 3 30 5 6 0 58 
49 3 30 5 19 0 59 
35 3 30 5 39 0 60 
65 3 30 5 2 0 58 
61 3 30 5 6 0 58 
56 3 30 5 13 0 58 
64 3 30 5 5 0 58 
56 3 30 5 16 0 58 
4 7 3 30 5 33 0 59 
81. Continuation from 8 
Input Animal Imp/Ani Soil-crop N Crop N OC1 OC2 OC3 OC4 
soil/crop intake mal feed N losses accumu- Output lated 
164 105 26 92 23 10 1 35 28 155 
181 315 211 132 31 14 2 46 67 245 
224 631 490 189 43 19 2 64 124 376 
164 105 32 82 21 9 1 32 22 136 
169 315 229 103 25 11 1 37 48 188 
183 631 524 133 31 14 2 46 87 266 
168 105 27 88 22 10 1 33 35 156 
181 315 213 118 28 12 1 41 88 248 
208 631 493 164 36 16 2 54 167 385 
176 105 8 115 27 12 41 31 187 
197 315 193 154 35 16 2 53 70 277 
243 631 472 210 47 21 2 70 126 407 
174 105 14 105 25 11 1 38 25 168 
182 315 210 126 29 13 1 44 51 220 
199 631 506 155 35 16 2 53 90 298 
178 105 9 110 26 12 1 39 38 188 
194 315 195 141 32 14 2 48 91 280 
224 631 475 186 40 18 2 60 170 417 
212 105 0 171 38 17 2 56 39 266 
240 315 149 209 45 20 2 68 77 354 
292 631 429 263 57 26 3 86 133 482 
207 105 0 162 36 16 2 53 33 248 
219 315 166 182 40 18 2 59 58 299 
241 631 462 210 45 20 2 68 97 376 
211 105 0 167 36 16 2 55 46 268 
232 315 150 197 42 19 2 63 98 359 
267 631 431 241 51 23 3 76 177 495 
273 105 0 248 52 23 3 78 49 375 
306 315 88 284 60 27 3 90 87 461 
361 631 370 336 72 32 4 108 143 586 
265 105 0 239 50 23 3 75 43 357 
281 315 104 258 54 24 3 81 69 408 
307 631 401 286 60 27 3 90 107 483 
269 105 0 244 51 23 3 76 56 377 
294 315 89 274 57 25 3 85 109 467 
332 631 370 317 65 29 3 98 187 602 
163 73 2 79 20 9 1 31 16 125 
165 218 138 93 23 10 1 35 29 157 
172 435 342 114 27 12 1 41 49 204 
163 73 5 74 19 9 1 29 12 115 
163 218 147 79 20 9 1 31 18 127 
164 435 360 86 22 10 1 33 27 145 
165 73 2 78 20 9 30 20 128 
169 218 137 91 22 10 1 34 41 165 
176 435 340 109 26 12 39 72 220 
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82. Continuation from 81 
Exp 
crop 
13 
28 
48 
9 
16 
26 
9 
16 
27 
18 
32 
52 
14 
21 
30 
14 
21 
31 
29 
43 
62 
25 
32 
41 
25 
32 
42 
44 
57 
75 
41 
47 
56 
41 
47 
56 
8 
13 
21 
6 
8 
10 
7 
10 
14 
Exp 
animal-
feed 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
37 
0 
0 
31 
0 
0 
36 
0 
0 
99 
0 
0 
94 
0 
0 
99 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Livestoc Livest-
kexcrete product dN 
29 73 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
29 
87 
174 
40 
120 
239 
40 
120 
239 
40 
120 
239 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
73 
220 
441 
31 
94 
189 
31 
94 
189 
31 
94 
189 
NH3 
emission 
/housing 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
14 
41 
82 
7 
67 
270 
7 
67 
270 
7 
67 
270 
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N Livest. N 
accumu/ 
animal unacc 
1 1 
4 
8 
1 
4 
8 
4 
8 
1 
4 
8 
1 
4 
8 
4 
8 
1 
4 
8 
4 
8 
4 
8 
4 
8 
1 
4 
8 
1 
4 
8 
1 
2 
4 
1 
2 
4 
1 
2 
4 
4 
8 
1 
4 
8 
1 
4 
8 
4 
8 
1 
4 
8 
4 
8 
1 
4 
8 
1 
4 
8 
1 
4 
8 
1 
4 
8 
1 
4 
8 
4 
8 
1 
2 
4 
1 
2 
4 
1 
2 
4 
Manure-
manag. NHJ 
emission 
39 
116 
231 
47 
141 
282 
31 
93 
187 
39 
116 
231 
47 
141 
282 
31 
93 
187 
39 
116 
231 
47 
141 
282 
31 
93 
187 
39 
116 
231 
47 
141 
282 
31 
93 
187 
19 
58 
116 
24 
71 
141 
15 
89 
312 
B3. Continuation from B2 
Manure 
manag Net 
N to soil 
35 
105 
210 
27 
80 
159 
38 
114 
227 
35 
105 
210 
27 
80 
159 
38 
114 
227 
35 
105 
210 
27 
80 
159 
38 
114 
227 
35 
105 
210 
27 
80 
159 
38 
114 
227 
12 
36 
72 
8 
24 
47 
15 
45 
90 
Manure 
manag. N 
unaccounted 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
5 
14 
27 
2 
5 
11 
2 
5 
11 
2 
5 
11 
IASN 
INPUT 
113 
275 
538 
128 
310 
589 
123 
294 
558 
106 
272 
538 
119 
304 
586 
114 
288 
555 
132 
269 
542 
137 
295 
583 
136 
279 
552 
190 
272 
550 
192 
292 
585 
192 
277 
554 
100 
224 
415 
108 
245 
453 
103 
231 
425 
IAS N 0/1 ratio OUTPUT 
200 
42 
115 
222 
38 
103 
201 
38 
104 
201 
47 
119 
226 
43 
108 
205 
43 
108 
206 
95 
130 
236 
86 
119 
216 
91 
119 
216 
172 
144 
249 
163 
134 
230 
168 
134 
231 
48 
133 
260 
46 
128 
250 
47 
130 
254 
0.37 
0.42 
0.41 
0.30 
0.33 
0.34 
0.31 
0.35 
0.36 
0.44 
0.44 
0.42 
0.36 
0.36 
0.35 
0.38 
0.38 
0.37 
0.72 
0.48 
0.44 
0.63 
0.40 
0.37 
0.67 
0.43 
0.39 
0.91 
0.53 
0.45 
0.85 
0.46 
0.39 
0.88 
0.49 
0.42 
0.48 
0.59 
0.63 
0.43 
0.52 
0.55 
0.46 
0.56 
0.60 
N losses 
73 
162 
296 
79 
178 
328 
64 
135 
241 
79 
168 
302 
85 
185 
334 
70 
141 
247 
95 
184 
317 
100 
200 
350 
86 
157 
263 
117 
206 
339 
122 
222 
372 
108 
178 
284 
50 
93 
157 
53 
101 
174 
45 
122 
351 
L\SNP 
-22 
14 
70 
-28 
-3 
35 
-15 
38 
116 
-20 
17 
73 
-25 
0 
38 
-12 
40 
119 
-12 
25 
81 
-18 
7 
45 
-5 
48 
127 
-2 
36 
91 
-8 
18 
56 
6 
59 
137 
-34 
-22 
-3 
-38 
-32 
-24 
-30 
-9 
22 
c 
Crop 
sequence 
Cm/fo 
Cmlfo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Livestock 
type 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Stock. 
Density 
(LU ha-1) 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
Manure 
manage-
ment 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
201 
IC1 
50 
40 
29 
54 
50 
45 
52 
46 
39 
30 
24 
18 
33 
30 
28 
32 
28 
23 
15 
12 
9 
16 
15 
14 
16 
14 
12 
49 
26 
10 
59 
45 
30 
58 
42 
26 
41 
22 
8 
48 
37 
25 
47 
35 
22 
25 
IC2 ICJ IC4 ICS IC6 IC7 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
30 5 
6 20 59 
19 20 60 
39 20 61 
2 20 59 
6 20 59 
13 20 59 
5 20 59 
16 20 59 
33 20 60 
6 70 61 
19 70 62 
39 70 63 
2 70 61 
6 70 61 
13 70 61 
5 70 61 
16 70 61 
33 70 62 
3 30 5 6 140 64 
3 30 5 19 140 64 
3 30 5 39 140 65 
3 30 5 2 140 63 
3 30 5 6 140 64 
3 30 5 13 140 64 
3 30 5 5 140 63 
3 30 5 16 140 64 
3 30 5 33 140 64 
3 30 5 19 0 59 
3 30 5 56 0 61 
3 30 5 111 0 65 
3 30 5 9 0 58 
3 30 5 26 0 59 
3 30 5 52 0 61 
3 30 5 14 0 58 
3 30 5 42 0 60 
3 30 5 85 0 61 
3 30 5 19 20 60 
3 30 5 56 20 62 
3 30 5 111 20 66 
3 30 5 9 20 59 
3 30 5 26 20 60 
3 30 5 52 20 62 
3 30 5 14 20 59 
3 30 5 42 20 60 
3 30 5 85 20 62 
3 30 5 19 70 62 
C1 continuation from C 
Input 
soil/crop 
173 
177 
1B6 
172 
173 
175 
174 
179 
1B9 
205 
213 
227 
203 
205 
209 
205 
213 
225 
262 
273 
290 
259 
262 
26B 
262 
272 
2B6 
164 
1B1 
224 
164 
16B 
1BO 
16B 
1B2 
210 
176 
197 
243 
174 
1B1 
196 
17B 
195 
226 
212 
Animal 
intake 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
73 
21B 
435 
110 
331 
662 
110 
331 
662 
110 
331 
662 
110 
331 
662 
110 
331 
662 
110 
331 
662 
110 
Imp/Ani OC1 OC2 OC3 OC4 Soil-crop 
mal feed N losses 
0 
120 
324 
0 
12B 
341 
0 
119 
322 
0 
75 
2BO 
0 
B3 
296 
0 
74 
277 
0 
13 
21B 
0 
21 
234 
0 
12 
216 
31 
227 
522 
3B 
246 
55B 
32 
22B 
522 
13 
209 
504 
20 
22B 
540 
14 
210 
504 
0 
102 25 11 1 
116 27 12 1 
136 31 14 2 
97 24 11 1 
102 25 11 
109 26 12 
1 01 24 11 
113 27 12 1 
132 30 14 2 
159 35 16 2 
172 3B 17 2 
192 42 19 2 
154 34 15 2 
159 35 16 2 
165 36 16 2 
158 35 16 2 
170 37 17 2 
1BB 40 18 2 
236 49 22 2 
249 52 24 3 
26B 56 25 3 
232 49 22 2 
236 49 22 2 
243 51 23 3 
236 49 22 2 
247 52 23 3 
265 55 25 3 
92 23 10 
132 31 14 2 
1BB 43 19 2 
B2 21 9 1 
101 25 11 1 
129 30 14 2 
BB 22 10 1 
120 2B 13 1 
167 37 17 2 
115 27 12 
154 35 16 2 
210 47 21 2 
104 25 11 1 
123 29 13 1 
151 34 15 2 
111 26 12 1 
143 32 14 2 
190 41 1B 2 
171 3B 17 2 
202 
37 
41 
47 
35 
37 
39 
37 
40 
45 
52 
57 
63 
51 
52 
54 
52 
55 
61 
74 
?B 
B4 
73 
74 
76 
74 
77 
B2 
34 
46 
64 
31 
37 
45 
33 
42 
55 
41 
53 
70 
3B 
43 
51 
39 
4B 
61 
56 
N 
accumu-
lated 
19 
32 
52 
15 
21 
30 
23 
44 
75 
26 
39 
59 
23 
2B 
37 
30 
51 
B2 
37 
50 
69 
33 
39 
47 
40 
61 
93 
2B 
66 
123 
21 
45 
B1 
36 
91 
173 
31 
69 
126 
24 
4B 
B4 
39 
94 
176 
39 
Crop N 
Output 
15B 
1B9 
235 
14B 
160 
177 
160 
197 
252 
237 
26B 
314 
22B 
239 
257 
240 
277 
331 
347 
377 
422 
33B 
349 
366 
350 
3B6 
440 
155 
244 
375 
134 
1B3 
255 
157 
253 
395 
1B7 
276 
406 
166 
215 
2B7 
190 
2B5 
427 
266 
C2 continuation from C1 
Exp 
crop 
13 
18 
25 
11 
13 
15 
12 
15 
19 
24 
29 
36 
23 
24 
27 
23 
26 
30 
40 
44 
51 
38 
40 
42 
39 
41 
45 
13 
27 
48 
9 
15 
25 
9 
17 
27 
18 
32 
52 
14 
20 
29 
14 
21 
32 
29 
Exp 
animal-
feed 
16 
0 
0 
14 
0 
0 
17 
0 
0 
62 
0 
0 
59 
0 
0 
62 
0 
0 
124 
0 
0 
121 
0 
0 
124 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
32 
Livestoc Livest-
kexcrete product 
dN 
40 31 
120 94 
239 189 
40 31 
120 94 
239 189 
40 31 
120 94 
239 189 
40 31 
120 94 
239 189 
40 31 
120 94 
239 189 
40 31 
120 94 
239 189 
40 
120 
239 
40 
120 
239 
40 
120 
239 
27 
81 
163 
27 
81 
163 
27 
81 
163 
27 
81 
163 
27 
81 
163 
27 
81 
163 
27 
31 
94 
189 
31 
94 
189 
31 
94 
189 
72 
215 
430 
72 
215 
430 
72 
215 
430 
72 
215 
430 
72 
215 
430 
72 
215 
430 
72 
NH 3 
emission 
/housing 
7 
67 
270 
7 
67 
270 
7 
67 
270 
7 
67 
270 
7 
67 
270 
7 
67 
270 
7 
67 
270 
7 
67 
270 
7 
67 
270 
10 
29 
58 
10 
29 
58 
10 
29 
58 
10 
29 
58 
10 
29 
58 
10 
29 
58 
10 
203 
N Livest. N 
accumu/ 
animal 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
unacc 
1 
2 
4 
1 
2 
4 
1 
2 
4 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
1 
2 
4 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
12 
24 
4 
Manure-
manag. NH3 
emission 
19 
58 
116 
24 
71 
141 
15 
89 
312 
19 
58 
116 
24 
71 
141 
15 
89 
312 
19 
58 
116 
24 
71 
141 
15 
89 
312 
37 
111 
222 
45 
135 
270 
28 
84 
167 
37 
111 
222 
45 
135 
270 
28 
84 
167 
37 
C3 continuation from C2 
Manure Manure IAS N IASN 
manag Net manag. N INPUT OUTPUT 0/1 ratio Nlosses ~SNP N to soil unaccounted 
12 2 107 69 0.65 56 -32 
36 5 217 138 0.63 99 -19 
72 11 411 265 0.64 164 0 
8 2 111 65 0.58 59 -35 
24 5 236 132 0.56 108 -29 
47 11 444 254 0.57 180 -21 
15 2 110 68 0.62 51 -27 
45 5 223 134 0.60 129 -7 
90 11 418 258 0.62 357 24 
12 2 138 126 0.92 72 -24 
36 5 207 149 072 115 -12 
72 11 405 276 0.68 179 8 
8 2 140 121 0.87 75 -28 
24 5 221 144 0.65 123 -22 
47 11 431 266 0.62 196 -14 
15 2 139 125 0.90 67 -20 
45 5 209 146 0.70 144 1 
90 11 408 270 0.66 373 32 
12 2 192 204 1.06 94 -14 
36 5 203 164 0.81 137 -1 
72 11 405 290 072 201 18 
8 2 194 199 1.03 96 -17 
24 5 214 159 0.75 145 -12 
47 11 425 281 0.66 218 -3 
15 2 193 203 1.05 88 -10 
45 5 203 161 0.79 166 11 
90 11 405 285 0.70 395 42 
35 5 118 40 0.34 71 -23 
104 14 291 109 0.37 157 14 
209 28 570 210 0.37 286 69 
27 5 134 36 0.27 76 -29 
80 14 328 97 0.29 172 -6 
160 28 626 187 0.30 315 29 
39 5 127 37 0.29 61 -14 
118 14 308 98 0.32 125 40 
235 28 586 190 0.32 222 122 
35 5 111 45 0.40 78 -20 
104 14 288 113 0.39 163 17 
209 28 570 215 0.38 292 72 
27 5 125 41 0.33 83 -26 
80 14 322 101 0.31 178 -3 
160 28 622 192 0.31 322 32 
39 5 118 41 0.35 67 -11 
118 14 302 103 0.34 132 43 
235 28 584 195 0.33 228 125 
35 5 132 88 0.67 93 -12 
204 
D 
Crop 
sequence 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/fo 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Livestock 
type 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Stock. 
Density 
(LU ha-1) 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
Manure 
manage-
ment 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
205 
IC1 IC2 IC3 IC4 IC5 IC6 IC7 
13 3 30 5 56 70 64 
5 3 30 5 111 70 67 
29 3 30 5 9 70 61 
22 3 30 5 26 70 62 
15 3 30 5 52 70 64 
29 3 30 5 14 70 61 
21 3 30 5 42 70 62 
13 3 30 5 85 70 64 
12 3 30 5 19 140 64 
7 3 30 5 56 140 66 
3 3 30 5 111 140 70 
15 3 30 5 9 140 64 
11 3 30 5 26 140 65 
7 3 30 5 52 140 66 
14 3 30 5 14 140 64 
10 3 30 5 42 140 65 
7 3 30 5 85 140 66 
49 1 30 5 19 0 59 
26 1 30 5 56 0 61 
1 0 1 30 5 112 0 65 
58 1 30 5 9 0 58 
44 1 30 5 28 0 59 
28 1 30 5 56 0 61 
58 1 30 5 14 0 58 
43 1 30 5 41 0 60 
27 1 30 5 82 0 61 
40 30 5 19 20 60 
22 1 30 5 56 20 62 
8 1 30 5 112 20 66 
48 1 30 5 9 20 59 
36 1 30 5 28 20 60 
23 1 30 5 56 20 62 
48 1 30 5 14 20 59 
35 1 30 5 41 20 60 
22 1 30 5 82 20 62 
25 1 30 5 19 70 62 
13 1 30 5 56 70 64 
5 1 30 5 112 70 67 
29 1 30 5 9 70 61 
22 1 30 5 28 70 62 
14 1 30 5 56 70 64 
29 1 30 5 14 70 61 
21 1 30 5 41 70 62 
14 1 30 5 82 70 64 
12 1 30 5 19 140 64 
6 1 30 5 56 140 67 
01 continuation from D 
Input 
soil/crop 
240 
291 
207 
218 
238 
211 
233 
269 
273 
306 
361 
264 
279 
303 
270 
295 
335 
163 
179 
223 
162 
167 
181 
166 
179 
206 
175 
195 
241 
172 
180 
197 
176 
192 
222 
211 
239 
290 
205 
218 
240 
209 
230 
265 
271 
305 
Animal 
intake 
331 
662 
110 
331 
662 
110 
331 
662 
110 
331 
662 
110 
331 
662 
110 
331 
662 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
631 
105 
315 
N 
Imp/Ani OC1 OC2 OC3 OC4 Soil-crop accumu-
mal feed N losses 
lated 
165 209 45 20 2 68 77 
461 263 57 26 3 86 133 
0 161 35 16 2 53 32 
183 179 39 18 2 59 56 
496 206 45 20 2 67 91 
0 168 37 16 2 55 47 
165 199 42 19 2 64 101 
460 245 51 23 3 77 183 
0 248 52 23 3 78 49 
104 284 60 27 3 90 87 
402 335 72 32 4 107 142 
0 239 50 22 2 75 42 
121 256 54 24 3 80 66 
435 282 59 27 3 89 101 
0 245 51 23 3 77 57 
1 03 275 57 26 3 85 111 
399 320 66 30 3 99 193 
90 1 03 23 10 1 34 36 
283 135 31 14 2 46 73 
575 216 42 19 2 64 136 
94 95 21 9 1 31 29 
297 110 25 11 1 37 55 
600 131 31 14 2 46 93 
94 95 22 1 0 1 32 42 
296 111 27 12 1 41 93 
600 170 36 16 2 54 1 76 
84 114 27 12 40 37 
278 182 35 16 2 52 82 
570 225 47 21 2 70 137 
89 
291 
595 
89 
291 
594 
71 
266 
559 
76 
278 
583 
75 
278 
582 
54 
249 
105 25 11 1 
120 29 13 1 
179 35 16 2 
105 26 12 1 
158 31 14 2 
180 40 18 2 
176 37 17 2 
205 45 20 2 
284 57 26 3 
167 35 16 2 
181 39 18 2 
239 45 20 2 
168 36 16 2 
220 42 19 2 
241 50 23 3 
246 52 23 3 
273 60 27 3 
206 
37 
43 
52 
39 
47 
60 
56 
68 
85 
53 
59 
68 
54 
63 
75 
78 
89 
31 
56 
101 
44 
102 
178 
48 
85 
148 
42 
67 
112 
55 
113 
189 
60 
97 
Crop N 
Output 
354 
481 
246 
294 
365 
269 
364 
504 
375 
461 
585 
355 
402 
472 
379 
472 
611 
173 
253 
415 
155 
201 
270 
170 
244 
401 
191 
316 
432 
173 
219 
332 
188 
307 
418 
279 
358 
517 
262 
308 
420 
277 
395 
505 
384 
460 
02 continuation from 01 
Exp Exp Livest- Livestoc NH3 N Livest. N Manure-
animal- kexcrete emission accumu/ manag. NHJ crop product unacc feed dN /housing animal emission 
43 0 81 215 29 12 12 111 
62 0 163 430 58 24 24 222 
25 26 27 72 10 4 4 45 
31 0 81 215 29 12 12 135 
40 0 163 430 58 24 24 270 
26 32 27 72 10 4 4 28 
33 0 81 215 29 12 12 84 
43 0 163 430 58 24 24 167 
44 94 27 72 10 4 4 37 
57 0 81 215 29 12 12 111 
75 0 163 430 58 24 24 222 
40 88 27 72 10 4 4 45 
46 0 81 215 29 12 12 135 
54 0 163 430 58 24 24 270 
41 94 27 72 10 4 4 28 
47 0 81 215 29 12 12 84 
57 0 163 430 58 24 24 167 
28 0 29 73 14 1 1 39 
43 0 87 220 41 4 4 116 
70 0 174 441 82 8 8 231 
24 0 29 73 14 1 1 47 
31 0 87 220 41 4 4 141 
41 0 174 441 82 8 8 282 
24 0 29 73 14 1 1 31 
31 0 87 220 41 4 4 93 
49 0 174 441 82 8 8 187 
33 0 29 73 14 1 1 39 
54 0 87 220 41 4 4 116 
74 0 174 441 82 8 8 231 
29 0 29 73 14 1 1 47 
36 0 87 220 41 4 4 141 
53 0 174 441 82 8 8 282 
29 0 29 73 14 1 1 31 
43 0 87 220 41 4 4 93 
54 0 174 441 82 8 8 187 
52 0 29 73 14 1 1 39 
65 0 87 220 41 4 4 116 
92 0 174 441 82 8 8 231 
48 0 29 73 14 47 
54 0 87 220 41 4 4 141 
71 0 174 441 82 8 8 282 
48 0 29 73 14 1 1 31 
62 0 87 220 41 4 4 93 
72 0 174 441 82 8 8 187 
74 0 29 73 14 1 1 39 
87 0 87 220 41 4 4 116 
207 
03 continuation from 02 
Manure Manure IASN IAS N 
manag Net manag. N INPUT OUTPUT 0/1 ratio Nlosses ilSNP N to soil unaccounted 
104 14 285 124 0.43 179 25 
209 28 574 224 0.39 308 80 
27 5 137 78 0.57 98 -19 
80 14 313 113 0.36 194 4 
160 28 618 203 0.33 337 40 
39 5 136 84 0.62 83 -4 
118 14 293 114 0.39 147 51 
235 28 581 206 0.35 244 132 
35 5 190 165 0.87 115 -2 
104 14 288 138 0.48 201 35 
209 28 582 238 0.41 329 91 
27 5 192 155 0.81 120 -8 
80 14 310 128 0.41 216 15 
160 28 620 217 0.35 359 51 
39 5 192 162 0.84 104 7 
118 14 291 129 0.44 169 61 
235 28 583 220 0.38 266 143 
35 5 175 57 0.33 73 -15 
105 14 345 130 0.38 162 20 
210 27 621 245 0.39 295 82 
27 5 189 53 0.28 78 -21 
80 14 376 118 0.31 178 4 
159 27 664 216 0.32 328 40 
38 5 188 53 0.28 63 -8 
114 14 375 119 0.32 134 42 
227 27 663 224 0.34 240 125 
35 5 181 62 0.34 79 -14 
105 14 355 142 0.40 168 29 
210 27 634 249 0.39 301 83 
27 5 193 58 0.30 84 -20 
80 14 383 123 0.32 184 5 
159 27 674 227 0.34 334 49 
38 5 192 58 0.30 70 -7 
114 14 382 131 0.34 140 51 
227 27 672 228 0.34 247 127 
35 5 202 81 0.40 94 -3 
105 14 384 152 0.40 183 33 
210 27 670 266 0.40 317 95 
27 5 210 77 0.37 100 -9 
80 14 406 142 0.35 200 16 
159 27 702 246 0.35 350 61 
38 5 210 77 0.37 85 4 
114 14 405 149 0.37 156 62 
227 27 701 246 0.35 262 138 
35 5 242 103 0.43 116 10 
105 14 431 174 0.40 205 46 
208 
E 
Crop 
sequence 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Livestock 
type 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
Fattening pigs 
F attening pigs 
Fattening pigs 
Fattening pigs 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Stock. 
Density 
(LU ha"1) 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
Manure 
manage-
ment 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
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IC1 IC2 ICJ IC4 ICS IC6 IC7 
3 1 30 5 112 140 70 
14 1 30 5 9 140 64 
11 1 30 5 28 140 65 
7 1 30 5 56 14 0 66 
14 1 30 5 14 140 64 
11 1 30 5 41 140 65 
7 1 30 5 82 140 66 
61 1 30 5 6 0 58 
49 1 30 5 19 0 59 
35 1 30 5 39 0 60 
65 1 30 5 2 0 58 
61 1 30 5 6 0 58 
56 1 30 5 1 3 0 58 
64 1 30 5 5 0 58 
56 1 30 5 16 0 58 
4 7 1 30 5 33 0 59 
50 1 30 5 6 20 59 
40 1 30 5 19 20 60 
29 1 30 5 39 20 61 
54 1 30 5 2 20 59 
50 1 30 5 6 20 59 
45 1 30 5 13 20 59 
52 1 30 5 5 20 59 
46 1 30 5 16 20 59 
39 1 30 5 33 20 60 
30 1 30 5 6 70 61 
24 1 30 5 19 70 62 
18 1 30 5 39 70 63 
33 1 30 5 2 70 61 
30 1 30 5 6 70 61 
28 1 30 5 1 3 70 61 
32 1 30 5 5 70 61 
28 1 30 5 16 70 61 
23 1 30 5 33 70 62 
15 1 30 5 6 140 64 
12 1 30 5 19 140 64 
9 1 30 5 39 140 65 
16 1 30 5 2 140 63 
15 30 5 6 140 64 
14 1 30 5 13 140 64 
16 1 30 5 5 140 63 
14 1 30 5 16 140 64 
12 1 30 5 33 140 64 
49 1 30 5 19 0 59 
26 1 30 5 56 0 61 
1 0 30 5 111 0 65 
E1 continuation from E 
Input 
soil/crop 
360 
263 
279 
305 
267 
292 
331 
161 
163 
170 
161 
162 
162 
163 
167 
175 
171 
175 
184 
170 
171 
173 
172 
178 
187 
203 
211 
225 
201 
203 
207 
204 
211 
224 
261 
271 
289 
257 
261 
266 
260 
270 
284 
163 
179 
222 
Animal 
intake 
631 
105 
315 
631 
105 
315 
631 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
73 
218 
435 
110 
331 
662 
N 
Imp/Ani OC1 OC2 OC3 OC4 Soil-crop accumu-
mal feed N losses 
lated 
543 312 71 32 4 107 152 
58 238 50 22 2 75 55 
261 251 54 24 3 81 80 
566 271 60 27 3 89 117 
58 238 51 23 3 76 67 
260 252 56 25 3 84 118 
565 272 65 29 3 97 193 
63 93 20 9 30 23 
202 104 23 10 34 36 
411 120 27 12 40 56 
65 89 19 9 1 29 20 
208 92 20 9 1 30 25 
423 98 21 10 1 32 34 
64 90 20 9 1 30 27 
206 97 22 10 33 47 
419 
57 
197 
405 
59 
203 
418 
59 
200 
413 
44 
183 
393 
46 
189 
404 
45 
187 
400 
26 
166 
376 
28 
171 
387 
27 
169 
383 
95 
299 
607 
106 26 11 
103 24 11 
114 27 12 
130 31 14 2 
99 23 10 1 
103 24 11 1 
108 26 11 1 
101 24 11 1 
107 26 12 1 
153 30 13 
166 35 16 2 
176 37 17 2 
192 41 19 2 
162 34 15 2 
165 35 16 2 
170 36 16 2 
163 34 15 2 
169 37 16 2 
215 40 18 2 
236 49 22 2 
246 52 23 3 
261 56 25 3 
233 48 22 2 
236 49 22 2 
240 50 23 3 
234 49 22 2 
240 51 23 3 
248 55 25 3 
103 23 10 
134 31 14 2 
216 42 19 2 
210 
38 
36 
40 
47 
35 
36 
38 
36 
39 
44 
52 
56 
62 
51 
52 
54 
52 
55 
60 
74 
78 
84 
72 
74 
76 
73 
77 
82 
34 
46 
64 
77 
25 
38 
57 
21 
27 
35 
28 
49 
86 
36 
49 
68 
32 
38 
47 
40 
60 
98 
48 
61 
80 
45 
50 
59 
52 
72 
102 
35 
73 
135 
Crop N 
Output 
571 
367 
411 
477 
381 
454 
563 
146 
174 
216 
137 
148 
164 
147 
177 
222 
164 
192 
234 
155 
166 
181 
165 
195 
284 
253 
281 
322 
245 
255 
270 
254 
284 
373 
358 
385 
425 
350 
360 
375 
360 
389 
432 
173 
253 
414 
E2 continuation from E1 
Exp Exp Livest- Livestoc NH3 N Livest. N Manure-
animal- kexcrete emission accumu/ manag. NH3 crop product unacc feed dN /housing animal emission 
105 0 174 441 82 8 8 231 
71 0 29 73 14 1 1 47 
77 0 87 220 41 4 4 141 
86 0 174 441 82 8 8 282 
71 0 29 73 14 1 1 31 
77 0 87 220 41 4 4 93 
86 0 174 441 82 8 8 187 
23 0 40 31 7 1 19 
28 0 120 94 67 2 2 58 
36 0 239 189 270 4 4 116 
21 0 40 31 7 1 1 24 
23 0 120 94 67 2 2 71 
25 0 239 189 270 4 4 141 
22 0 40 31 7 1 1 15 
25 0 120 94 67 2 2 89 
29 0 239 189 270 4 4 312 
28 0 40 31 7 1 1 19 
33 0 120 94 67 2 2 58 
40 0 239 189 270 4 4 116 
26 0 40 31 7 1 1 24 
28 0 120 94 67 2 2 71 
30 0 239 189 270 4 4 141 
27 0 40 31 7 1 1 15 
30 0 120 94 67 2 2 89 
41 0 239 189 270 4 4 312 
47 0 40 31 7 1 1 19 
52 0 120 94 67 2 2 58 
59 0 239 189 270 4 4 116 
45 0 40 31 7 1 1 24 
47 0 120 94 67 2 2 71 
49 0 239 189 270 4 4 141 
46 0 40 31 7 1 1 15 
49 0 120 94 67 2 2 89 
60 0 239 189 270 4 4 312 
70 0 40 31 7 1 1 19 
74 0 120 94 67 2 2 58 
81 0 239 189 270 4 4 116 
68 0 40 31 7 1 1 24 
70 0 120 94 67 2 2 71 
72 0 239 189 270 4 4 141 
69 0 40 31 7 1 1 15 
71 0 120 94 67 2 2 89 
75 0 239 189 270 4 4 312 
28 0 27 72 10 4 4 37 
42 0 81 215 29 12 12 111 
70 0 163 430 58 24 24 222 
211 
E3 continuation from E2 
Manure Manure IAS N IAS N 
manag Net manag. N INPUT OUTPUT 011 ratio N losses ~SNP N to soil unaccounted 
210 27 722 279 0.39 338 100 
27 5 248 100 0.40 122 4 
80 14 447 164 0.37 221 29 
159 27 749 260 0.35 371 66 
38 5 248 100 0.40 107 17 
114 14 447 164 0.37 178 68 
227 27 748 261 0.35 284 144 
12 2 159 63 0.40 49 -27 
36 5 287 148 0.52 92 -15 
72 11 482 275 0.57 157 4 
8 2 166 61 0.37 52 -30 
24 5 305 143 0.47 101 -25 
47 11 514 265 0.51 174 -16 
15 2 164 62 0.38 44 -23 
45 5 298 145 0.49 122 -3 
90 11 501 269 0.54 351 27 
12 2 163 68 0.42 56 -26 
36 5 292 153 0.52 99 -13 
72 11 490 280 0.57 163 5 
8 2 169 66 0.39 59 -29 
24 5 309 147 0.48 107 -23 
47 11 519 269 0.52 180 -15 
15 2 167 67 0.40 51 -22 
45 5 302 149 0.49 128 -2 
90 11 508 281 0.55 357 36 
12 2 180 87 0.48 71 -15 
36 5 313 172 0.55 114 -2 
72 11 516 298 0.58 179 16 
8 2 184 85 0.46 74 -18 
24 5 326 166 0.51 123 -13 
47 11 538 288 0.54 195 -4 
15 2 183 86 0.47 66 -11 
45 5 321 168 0.52 144 9 
90 11 529 300 0.57 372 47 
12 2 217 110 0.51 93 -2 
36 5 354 194 0.55 136 10 
72 11 560 320 0.57 200 29 
8 2 220 108 0.49 96 -6 
24 5 362 189 0.52 144 0 
47 11 576 311 0.54 217 8 
15 2 219 109 0.50 88 2 
45 5 359 191 0.53 166 22 
90 11 570 315 0.55 394 52 
35 5 180 55 0.31 71 -15 
104 14 361 124 0.34 157 20 
209 28 653 233 0.36 285 81 
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F 
Crop 
sequence 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Cm/vg 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Fm/fo 
Livestock 
type 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Sheep & goats 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Dairy/beef cattle 
Stock. 
Density 
(LU ha-1 ) 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
3 
6 
1 
Manure 
manage-
ment 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
Old 
Old 
V er 
V er 
V er 
Fre 
Fre 
Fre 
Old 
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IC1 
59 
45 
30 
58 
42 
26 
41 
22 
8 
48 
37 
25 
47 
35 
22 
25 
13 
5 
29 
22 
15 
29 
21 
13 
12 
7 
3 
15 
11 
7 
14 
10 
7 
49 
26 
10 
58 
44 
28 
58 
43 
27 
40 
22 
8 
48 
IC2 IC3 IC4 ICS IC6 IC7 
1 30 5 9 0 58 
1 30 5 26 0 59 
1 30 5 52 0 61 
1 30 5 14 0 58 
1 30 5 42 0 60 
30 5 85 0 61 
1 30 5 19 20 60 
1 30 5 56 20 62 
1 30 5 111 20 66 
1 30 5 9 20 59 
1 30 5 26 20 60 
1 30 5 52 20 62 
1 30 5 14 20 59 
1 30 5 42 20 60 
1 30 5 85 20 62 
1 30 5 19 70 62 
1 30 5 56 70 64 
1 30 5 111 70 67 
1 30 5 9 70 61 
1 30 5 26 70 62 
1 30 5 52 70 64 
1 30 5 14 70 61 
1 30 5 42 70 62 
1 30 5 85 70 64 
1 30 5 19 140 64 
1 30 5 56 140 66 
1 30 5 111 140 70 
1 30 5 9 140 64 
1 30 5 26 140 65 
1 30 5 52 140 66 
1 30 5 14 140 64 
1 30 5 42 140 65 
1 30 5 85 140 66 
3 30 5 19 0 69 
3 30 5 56 0 71 
3 30 5 112 0 75 
3 30 5 9 0 68 
3 30 5 28 0 69 
3 30 5 56 0 71 
3 30 5 14 0 68 
3 30 5 41 0 69 
3 30 5 82 0 71 
3 30 5 19 20 70 
3 30 5 56 20 72 
3 30 5 112 20 76 
3 30 5 9 20 69 
F1 continuation from F 
Input Animal Imp/Ani Soil-crop N Crop N OC1 OC2 OC3 OC4 
soil/crop intake mal feed N losses accumu- Output lated 
162 110 100 94 21 9 31 29 154 
166 331 313 108 24 11 36 52 196 
179 662 634 128 30 13 45 87 260 
166 110 99 95 22 10 1 32 43 171 
180 331 312 149 28 12 1 41 103 293 
208 662 630 172 36 16 2 55 182 409 
175 110 90 113 27 12 1 40 37 191 
195 331 294 181 35 16 2 52 81 315 
241 662 602 224 46 21 2 70 137 431 
172 110 94 105 25 11 1 37 30 172 
179 331 308 118 28 13 1 43 53 214 
194 662 628 175 34 15 2 51 96 322 
176 110 94 106 26 12 1 39 45 189 
193 331 306 159 32 14 2 48 105 311 
224 662 625 219 41 18 2 61 191 471 
211 110 76 175 37 17 2 56 48 279 
239 331 281 205 45 20 2 68 85 357 
289 662 590 283 57 26 3 85 147 516 
205 110 81 167 35 16 2 53 41 261 
216 331 295 180 39 17 2 58 65 303 
236 662 616 199 44 20 2 66 99 365 
210 110 81 168 36 16 2 54 56 278 
231 331 293 221 42 19 2 63 116 399 
268 662 612 242 51 23 3 76 194 513 
271 110 59 246 52 23 3 78 60 384 
304 331 265 273 60 27 3 89 97 460 
359 662 575 312 71 32 4 107 151 570 
263 110 63 238 50 22 2 74 54 366 
278 331 277 250 53 24 3 80 77 407 
301 662 599 268 59 26 3 88 112 468 
268 110 63 239 51 23 3 76 68 383 
293 331 276 253 57 25 3 85 121 458 
334 662 596 273 65 29 3 98 199 570 
175 105 0 296 25 11 1 38 48 381 
191 315 0 346 33 15 2 49 86 481 
235 631 88 435 45 20 2 67 144 646 
174 105 0 284 23 10 35 42 360 
179 315 0 308 27 12 1 41 67 415 
193 631 202 345 33 15 2 49 106 501 
178 105 0 289 24 11 36 55 380 
191 315 0 323 30 13 1 44 107 475 
218 631 170 377 38 17 2 57 186 620 
186 105 0 321 29 13 44 50 415 
207 315 0 373 37 17 2 56 89 518 
254 631 51 466 49 22 2 74 147 686 
184 105 0 309 27 12 41 44 394 
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F2 continuation from F1 
Exp Exp Livest- Livestoc NH3 N Livest. N Manure-
animal- kexcrete emission accumu/ manag. NH3 crop product unacc feed dN /housing animal emission 
24 0 27 72 10 4 4 45 
30 0 81 215 29 12 12 135 
40 0 163 430 58 24 24 270 
24 0 27 72 10 4 4 28 
39 0 81 215 29 12 12 84 
50 0 163 430 58 24 24 167 
33 0 27 72 10 4 4 37 
54 0 81 215 29 12 12 111 
74 0 163 430 58 24 24 222 
29 0 27 72 10 4 4 45 
35 0 81 215 29 12 12 135 
52 0 163 430 58 24 24 270 
29 0 27 72 10 4 4 28 
44 0 81 215 29 12 12 84 
62 0 163 430 58 24 24 167 
52 0 27 72 10 4 4 37 
65 0 81 215 29 12 12 111 
92 0 163 430 58 24 24 222 
48 0 27 72 10 4 4 45 
54 0 81 215 29 12 12 135 
62 0 163 430 58 24 24 270 
48 0 27 72 10 4 4 28 
63 0 81 215 29 12 12 84 
73 0 163 430 58 24 24 167 
74 0 27 72 10 4 4 37 
87 0 81 215 29 12 12 111 
105 0 163 430 58 24 24 222 
70 0 27 72 10 4 4 45 
76 0 81 215 29 12 12 135 
84 0 163 430 58 24 24 270 
71 0 27 72 10 4 4 28 
77 0 81 215 29 12 12 84 
87 0 163 430 58 24 24 167 
0 262 29 73 14 1 1 39 
0 115 87 220 41 4 4 116 
0 0 174 441 82 8 8 231 
0 247 29 73 14 1 47 
0 66 87 220 41 4 4 141 
0 0 174 441 82 8 8 282 
0 252 29 73 14 1 31 
0 82 87 220 41 4 4 93 
0 0 174 441 82 8 8 187 
0 291 29 73 14 1 39 
0 147 87 220 41 4 4 116 
0 0 174 441 82 8 8 231 
0 276 29 73 14 1 47 
215 
F3 continuation from F2 
Manure Manure IAS N IAS N 
manag Net manag. N INPUT OUTPUT 0/1 ratio N losses L'lSNP N to soil unaccounted 
27 5 195 51 0.26 76 -22 
80 14 394 112 0.28 171 1 
160 28 699 202 0.29 315 35 
39 5 193 52 0.27 60 -7 
118 14 390 121 0.31 125 53 
235 28 692 213 0.31 222 131 
35 5 186 60 0.32 77 -14 
104 14 371 136 0.37 163 29 
209 28 666 237 0.36 292 83 
27 5 199 56 0.28 82 -20 
80 14 401 116 0.29 178 2 
160 28 709 214 0.30 321 44 
39 5 197 56 0.29 67 -6 
118 14 397 125 0.32 131 54 
235 28 702 225 0.32 228 140 
35 5 207 79 0.38 93 -3 
104 14 400 147 0.37 179 33 
209 28 701 254 0.36 307 94 
27 5 216 75 0.35 98 -10 
80 14 423 135 0.32 193 13 
160 28 736 225 0.31 337 48 
39 5 215 75 0.35 82 5 
118 14 420 144 0.34 147 65 
235 28 731 236 0.32 243 144 
35 5 247 101 0.41 115 10 
104 14 447 168 0.38 200 46 
209 28 753 268 0.36 329 100 
27 5 254 98 0.38 119 3 
80 14 464 158 0.34 215 26 
160 28 782 247 0.32 358 61 
39 5 253 98 0.39 104 18 
118 14 462 159 0.34 168 70 
235 28 778 250 0.32 265 149 
35 5 87 291 3.34 76 -13 
105 14 64 202 3.16 165 24 
210 27 135 174 1.29 299 80 
27 5 96 276 2.87 82 -18 
80 14 81 153 1.88 181 7 
159 27 268 174 0.65 331 44 
38 5 96 281 2.94 67 -5 
114 14 81 169 2.10 138 47 
227 27 235 174 0.74 244 126 
35 5 98 320 3.26 82 -10 
105 14 79 235 2.96 171 27 
210 27 117 174 1.49 305 83 
27 5 106 305 2.89 88 -15 
216 
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Appendix C:. Summary tab res, ofanaiysis: .ofvariance (~NdVA')I 
Appendix C1. Summary ANOVA table for TN and TC during pre-composting 
(Day 0 and 28) 
Analysis of variance at Day 0 (TN) 
Source DF ss MS F p 
Substrate 29.261 29.261 75.76 0.000 
Error 6 2.318 0.386 
Total 7 31.579 
s = 0.6215 R-Sq = 92.66% R-Sq(adj) = 91.44% 
Analysis of variance at Day 0 (TC) 
Substrate 1 569.5 569.5 8.62 0.026 
Error 6 396.4 66.1 
Total 7 965.9 
5=8.128 R-Sq = 58.96% R-Sq(adj) = 52.12% 
Analysis of variance at Day 28 (TN) 
Substrate 19.531 19.531 123.68 0.000 
Error 6 0.948 0.158 
Total 7 20.479 
s = 0.3974 R-Sq = 95.37% R-Sq(adj) = 94.60% 
Analysis of variance at Day 28 (TC) 
Substrate 39.2 39.2 1.33 0.293 
Error 6 177.0 29.5 
Total 7 216.1 
S = 5.431 R-Sq = 18.12% R-Sq(adj) = 4.47% 
1 Degrees of freedom; 2Sum of squares; 3mean square; 
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Appendix C2: Factorial Fit: TN versus Initial C:N, Temperature, Moisture. 
Estimated effects and coefficients for Total Nitrogen (TN) 
Term Effect Coefficient SE coefficient T p 
Constant 2.183 0.0462 47.29 0.000 
Initial C:N ratio 0.124 0.062 0.0462 1.34 0.192 
Temperature 0.071 0.036 0.0462 0.77 0.447 
Moisture -0.096 -0.048 0.0462 -1.04 0.307 
Initial C:N·Temperature -0.061 ·0.031 0.0462 -0.66 0.513 
Initial C:N'Moisture 0.311 0.155 0.0462 3.37 0.003 
Temperature•Moisture 0.109 0.054 0.0462 1.18 0.250 
Initial C:N'Temp•Moist -0.374 -0.186 0.0462 -4.05 0.000 
Analysis of variance (TN) 
Source (DF) Seq SS' Adj SS' Adj MS' F p 
Main Effects (3) 0.237 0.237 0.079 1.16 0.345 
2-Way Interaction (3) 0.900 0.900 0.300 4.40 0.031 
3-Way Interactions ( 1 ) 1.117 1.117 1.117 16.39 0.000 
Residual error (24) 1.636 1.636 0.068 
Pure error (24) 1.636 1.636 0.068 
Total (31) 3.892 
1Sequential sum of squares; LAdjusted sum of squares; jAdjusted mean squares 
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Appendix C3: Factorial Fit: TC versus Initial C:N, Temperature, Moisture. 
Estimated effects and coefficients for Total Carbon (TC) 
Term Effect Coefficient SE coefficient T p 
Constant 35.48 0.288 122.93 0.000 
Initial C:N ratio -0.181 -0.090 0.288 -0.31 0.756 
Temperature 0.710 0.355 0.288 1.23 0.231 
Moisture 0.631 0.315 0.288 1.09 0.285 
Initial C:N*Temperature 0.220 0.110 0.288 0.38 0.707 
Initial C:N*Moisture 0.373 0.187 0.288 0.65 0.524 
Tem perature*Moisture -0.390 -0.195 0.288 -0.68 0.506 
Initial C:N*Temp*Moist -0.535 -0.267 0.288 0.93 0.363 
Analysis of variance (TC) 
Source (DF) Seq SS1 Adj SS2 Adj MS F p 
Main Effects (3) 7.483 7.483 2.494 0.94 0.439 
2-Way Interaction (3) 2.722 2.722 0.907 0.34 0.796 
3-Way Interactions ( 1 ) 2.290 2.290 2.289 0.86 0.363 
Residual error (24) 64.003 64.003 2.666 
Pure error (24) 64.003 64.003 2.666 
Total (31) 76.498 
1Sequential sum of squares; 2Adjusted sum of squares; 3Adjusted mean squares 
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Appendix C4: Analysis of variance of the factorial for the vermicomposting 
phase (60, 75, 90 and 105 days) using transformed data (Natural log base e). 
Source DF Seq SS1 Adj ss2 Adj MS3 F p 
60 days 
Main effects 3 26.153 26.153 8.718 5.95 0.003 
2-way interactions 3 10.913 10.913 3.638 2.48 0.085 
3-way interactions 1 4.417 4.417 4.417 3.02 0.095 
Residual error 24 35.146 35.146 1.464 
Pure error 24 35.146 35.146 1.464 
Total 31 76.629 
75 days 
Main effects 3 3.063 3.0631 1.021 0.67 0.581 
2-way interactions 3 0.097 0.097 0.032 0.02 0.996 
3-way interactions 1 2.539 2.539 2.539 1.65 0.211 
Residual error 24 36.824 36.824 1.534 
Pure error 24 36.824 36.824 1.534 
Total 31 42.523 
90 days 
Main effects 3 3.030 3.030 1.010 0.84 0.484 
2-way interactions 3 5.733 5.733 1.911 1.60 0.217 
3-way interactions 1 4.182 4.182 4.182 3.49 0.074 
Residual error 24 28.755 28.755 1.198 
Pure error 24 28.755 28.755 1.198 
Total 31 41.700 
105 days 
Main effects 3 0.137 0.385 0.128 0.24 0.865 
2-way interactions 1 1.215 1.215 1.215 2.28 0.192 
Residual error 5 2.667 2.667 0.533 
Pure error 5 2.667 2.667 0.533 
Total 9 4.021 
1Sequential sum of squares; 2Adjusted sum of squares; 3Adjusted mean squares 
221 
Appendix CS: Analysis of Variance for 0/1 ratio, using Adjusted SS for Tests. 
Source DF Seq SS 1 Adi ss2 Adj MS3 F p 
• Crop sequence 5 292.37 292.37 58.47 3577.17 0.000 
• Livestock type 2 16.32 16.32 8.16 499.12 0.000 
• Stocking density 2 49.29 49.29 24.64 1507.82 0.000 
• Manure management 2 3.6 3.65 1.83 111.69 0.000 
• Crop sequence*Livestock 10 3.73 3.73 0.37 22.80 0.000 
type 
• Crop sequence*Stocking 10 41.27 41.27 4.13 252.49 0.000 
density 
• Crop sequence*Manure 10 4.44 4.44 0.44 27.15 0.000 
management 
• Livestock type* Stocking 4 3.06 3.06 0.76 46.80 0.000 
density 
• Livestock type*Manure 4 0.20 0.20 0.05 3.07 0.016 
management 
• Stocking density*Manure 4 0.46 0.45 0.11 7.00 0.000 
management 
• Crop sequence* Livestock 20 2.81 2.81 0.14 8.59 0000 
type*Stocking density * 
• Crop sequence* Livestock 20 0.23 0.23 0.0117 0.71 0.813 
type* Manure management 
• Crop sequence* Stocking 20 0.81 0.81 0.0406 2.48 0.000 
density* Manure 
management 
• Livestock type*Stocking 8 0.16 0.16 0.0207 1.27 0.258 
density* Manure 
management 
• Crop sequence* Livestock 40 0.27 0.27 0.0068 0.41 1.000 
type*Stocking density* 
Manure management 
• Error 486 7.94 7.94 0.02 
• Total 647 427.03 
s = 0.127854 R-Sq = 98.14% R-Sq(adj) = 97.52%; Sequential sum of squares; 
2Adjusted sum of squares; 3Adjusted mean squares 
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Appendix C6: Analysis of Variance for Quantified N losses, using Adjusted 
SS for Tests. 
Source OF Seq ss1 Adi ss2 Adj MS3 F p 
• Crop sequence 5 27020 27020 5404 19.23 0.000 
• Livestock type 2 723795 723795 361898 1287.81 0.000 
• Stocking density 2 3279928 3279928 1639964 5835.79 0.000 
• Manure management 2 210237 210237 105118 374.06 0.000 
• Crop sequence· Livestock type 10 269 269 27 0.10 1.000 
• Crop sequence*Stocking 10 663 663 66 0.24 0.993 
density 
• Crop sequence•Manure 10 305 305 30 0.11 1.000 
management 
• Livestock type• Stocking 4 275017 275017 68754 244.66 0.000 
density 
• Livestock type •Manure 4 15303 15303 3826 13.61 0.000 
management 
• Stocking density•Manure 4 79876 79876 19969 71.06 0.000 
management 
• Crop sequence• Livestock 20 102 102 5 0.02 1 000 
type•stocking density • 
• Crop sequence· Livestock 20 28 28 0.00 1.000 
type• Manure management 
• Crop sequence• Stocking 20 116 116 6 0.02 1.000 
density• Manure management 
• Livestock type•stocking 8 5812 5812 727 2.59 0.009 
density• Manure management 
• Crop sequence' Livestock 40 11 11 0 0.00 1.000 
type•stocking density* Manure 
management 
• Error 486 136575 136575 281 
• Total 647 4755056 
S = 16.7636 R-Sq = 97.13% R-Sq(adj) = 96.18%; 1Sequential sum of squares; 
2Adjusted sum of squares; 3Adjusted mean squares 
223 
Appendix C7: Analysis of Variance for LN(ChangeSNP+50), using Adjusted SS 
for Tests. 
Source OF Seq ss1 Adi ss2 Adj MS3 F p 
• Crop sequence 5 59.3008 59.3008 11.8602 370.12 0.000 
• Livestock type 2 41.6770 41.6770 20.8385 650.30 0.000 
• Stocking density 2 90.6752 90.6752 45.3376 1414.8 0.000 
• Manure management 2 22.8825 22.8825 11.4412 357.04 0.000 
• Crop sequence* Livestock type 10 1.0443 1.0443 0.1044 3.26 0.000 
• Crop sequence*Stocking 10 2.0631 2.0631 0.2063 6.44 0.000 
density 
• Crop sequence'Manure 10 0.7255 0.7255 0.0726 2.26 0.014 
management 
• Livestock type* Stocking 4 4.6913 4.6913 11728 36.60 0.000 
density 
• Livestock type*Manure 4 0.0802 0.0802 0.0201 0.63 0.644 
management 
• Stocking density*Manure 4 2.2771 2.2771 0.5693 17.77 0.000 
management 
• Crop sequence* Livestock 20 0.0187 0.0187 0.0009 0.03 1.000 
type*Stocking density* 
• Crop sequence* Livestock 20 0.0128 0.0128 0.0006 0.02 1.000 
type* Manure management 
• Crop sequence* Stocking 20 0.0128 0.0128 0.0006 0.02 1.000 
density* Manure management 
• Livestock type*Stocking 8 0.1328 0.1305 0.0163 0.51 0.850 
density* Manure management 
• Crop sequence* Livestock 40 0.0224 0.0232 0.0006 0.02 1.000 
type*Stocking density* Manure 
management 
• Error 486 15.57 15.57 0.03 
• Total 647 241.21 
s = 0.179009 R-Sq = 93.54% R-Sq(adj) = 91.40%; 1Sequential sum of squares; 
2Adjusted sum of squares; 3Adjusted mean squares 
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Velasco-Velasco J., R. Parkinson and V. Kuri. 2008. Nitrogen transfers and losses in 
integrated agricultural systems in Central Mexico. In: 13th RAMIRAN 
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Nitrogen transfers and losses in integ1·ated agricultural systems in central 
Mexico 
.foe/ Jielasco- Velasco*, Rob Parkin.1·on and Viuor Kuri 
School of Biological Sciences, Unil'i'rsity ojPipnouth. Drake Circus, Plmwuth Demn, UK. PL4 I! AA. 
* £-mail: joel. l'elascr!l'ela.l·co0Jpzrmouth. ac.uk 
Introduction 
Agricultural systems in Mexico have become more specialized and more intensive in recent 
decades; these changes have been accompanied by a greater potential for uncontrolled losses 
of nutrients. The adoption of more integrated agricultural methods is a priority in food 
production systems as resource degradation has become a major limitation to sustained output 
(Ventura et al .. 2001). Nitrogen (N) is the single most important nutrient for increasing crop 
yields and is often lost in different forms due to complex processes of transformation and 
transfer within components of agricultural systems (Dalton & Brand-Hardy 2003). Nitrogen 
losses through ammonia volatilization are known to occur in traditional. livestock-based 
agricultural systems, but little attention has been given to this source of N loss on farms in 
central Mexico. This study investigated N dynamics in farming systems in the Central Valley 
of Mexico, in the region of the former Lake of Texcoco, an area characterised by saline and 
alkaline soils (Beltran-Hernandez et al., 1999). 
Within these fanning systems, composting is becoming a common method to manage organic 
wastes in Mexico, and the use of compost and manure as organic fertilizer has increased in 
recent years (Velasco-Velasco et al .. 2004). The practice of composting manure is known to 
lead to enhanced N losses; for example Martins and Dewes ( 1992) observed losses of 
ammonia and nitrous oxide ranging from 21 - 77% of the initial N content during I 00 days of 
composting of farm yard manure. The concept of increasing N use efficiency on farms by 
minimizing N losses has been studied previously; however, there me still uncertainties and 
gaps when it is evaluated in a whole tim11 perspective in Mexico, mainly because of the great 
diversity of agricultural systems. Parkinson et al. (2004) stated that the implementation of 
cost effective practices for manure handling such as delay turning events during composting 
could lead to reductions in nutrient loss, composting cost and environmental impact. 
The aim of this research wns to study the nitrogen dynamics of an integrated ngricultural 
system (I AS) prototype located in the Valley of Mexico with speeiallocus on N losses during 
the composting process. 
Material and methods 
The integrated ngricultural system (I AS) prototype is located in the Texcoco Region of the 
Central Valley of Mexico at 19° 29' North latitude and 98° 54· West longitude and 2250 
metres above sea level. Mean annual rainfall is 630 mm. Core components of the production 
system which are typical of the region, are milking goats, vegetable production, fruit trees 
and grassland. Manure from the goats is composted prior to application to the grassland (see 
Table I). Nitrogen inputs and outputs were quanti lied using a variety of sources: general data 
lrom the literature, specific data from the IAS prototype and research conducted in the same 
region. 
Table I. Characteristics of agricultural systems in the valley of Mexico and in the IAS 
prototype. 
Characteristics Typical attribute 
values in the region 
Selected allribute 
values in the IAS 
--:::c--:-:--~--::--:---------+------=--:----+---prototvpe 
Total land area (ha) 1-4 2 
Holdings of land 1-2 
Water supply: rain-led: irrigated I: I 
Orchard (number of fruit trees) 0-20 
Grassland (legume/grass) (ha) <I 
Goals (number of animals) 15 
Sheep (number of animals) 15 
Cow (number of animals) 5 
I :3 
20 (apricot) 
1.5 
50 
Maize (Zea mays L.) (I ha·') 6* 3 
Alfalt~t (cut forage) (t ha-') l.. 20* 11** 
Lettuce (t ha"') 36* 80 T 
Squash (t ha·') 26* 60 T 
Broccoli (I ha·') 28* 60 T 
Onion (I ha-') 20* 80 T 
Total land for vegetables (m') I 00 
Amounts presented in th1s table are calculated per mmum. T Data obtained in the I AS-prototype under the biD-
intensive method. J... Dry mall er. *Source: ( SAGt\ RP A 2005 ). Note actual area allocated to vegetables = 0.0 I 
ha. •• (Camacho-Garcia & Garcia-~·luiiiz 2003). In the I AS-prototype 0.1 lw is cultivated with maize. 0.4 ha 
with alfalfa and only 100 m' arc dedicated to vegetables (25 m' each). 
In order to establish the magnitude of gaseous N losses from manure management, 
experimental work was carried out on ammonia-N measurements during aerobic composting 
(Searle 1984; Chadwick et al .. 200 I; Misselbrook et al., 2005). Aerobic composting of sheep 
manure (initial pH 8.3, total N 20 g kg- 1 DM. total carbon 400 g kg" 1 Drvt) was conducted in a 
composting facility at IGER, North Wyke. Devon, UK. Feedstock with two C:N ratios (20: I 
and 26: I) was created by adding extra straw prior to composting. Ni-13-N emission was 
measured at regular intervals during the composting period (2!! days). and total loss was 
estimated, derived by integrating the area under the best tit polynomial curve (y = -0.05x3 + 
2.9x~- 49.3x + 324). 
Results and discussion 
Ammo11ia volmili::atio11 duri11g compo.\'lillg 
The dynamics of Nl-b-N during composting showed that most ammonia volatilization 
occurred at the beginning of the composting process. The substrate with extra straw added 
showed less loss of nitrogen (266 g Ni-1 3 Mg- 1 d- 1) compared to the substrate (sheep manure 
plus bedding) without addition of extra straw (453 g Ni-1 3 Mg- 1 cr 1 ) (Figure 1). These results 
coincide with those observed by Liang et al., (2006) who mention that 90% of the Ni-1 3 from 
tour paper treatments was emitted within the first I 00 h in an experiment in vessels in which 
he measured the accumulative Ni-1 3 emissions over 300 hr. Similarly, Parkinson et al., (2004) 
confirm that turning manure stacks to aid composting can increase NI-13-N losses during cattle 
manure storage. A small increase of NII 3-N volatilization was observed following pile 
turning on Day 15. The proportion of N loss in terms of the initial N content of the substrate 
was in the order of 15.3% for the substrate with a C:N ratio of 20: I and 14.0% lor the 
substrate with 26: I of C: N ratio. 
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Figure I. Indicative ammonia-nitrogen losses (NH 3-N) during 30 days of composting of 
sheep manure plus bedding (SMB) with and without addition of extra straw. t = Turning 
time. 
Estimating N ha lance in the /AS pmtotype 
The main nitrogen inputs to the IAS prototype include: rail!{a/1 and irrigation 1\"{t/er. 
biological .fixation. nwnure, compost, livestock (milking goa1.1), concentrated feed, straw 
feed; N outputs include: erosion, N/-13-N emission, leaching, and vegetables. fruit, milk and 
meat products. (see Table 2). Reported nitrogen deposition in rainfall in the Central Valley of 
Mexico vary widely from to 32 kg N ha- 1 yr" 1 depending on the site of the valley, 
precipitation nnd industrinl nctivities fl·om Mexico City (Fenn et al., 1999) while N input 
from irrigation wnter rnnges from 2 to 38 kg N hn- 1, depending on the quantity of wnter 
applied nnd its chemistry (Edmunds et al.. 2002). Potentinl N inputs by biological fixation 
range from 35- 335 kg N ha- 1 yr" 1 (Wheeler et al., 1997; Russellc & Birr 2004). These 
variations in N deposition depend mainly on particular chamcteristics of the sites where 
research wns conducted. Dnta presented in Tnble 2 was compiled from chemicnl analysis 
carried out in the Texcoco region (Bcltran-Hernandez et al., 1999; Fenn et al .. 1999: Pcrez-
Oh•ern et al .. 2000: Torrcs-Lima & Burns 2002; Velasco-Snldai'ia 2002: Cnmacho-Gnrcia & 
Garcia-Mufiiz 2003; Velnsco-Velasco et al .. 2004). 
The general N balance presented in Table 2 shows that of the totnl N inputs of 246 kg N in 
the IAS prototype, 74% comes ti·om N through concentrated and straw feed (56 and 18%. 
respectively); while 14% (35 kg N) is attributed to biological fixation, nnd the remainder 
( 12% of N input) corresponds to rainfall and irrigation wnter ( 14 and 15 kg N. respectively). 
Similnr percentage values were calculnted in the whole-lann nitrogen bnlance on commercial 
dniries in Utah and Idaho USA using the University of Maryland Nutrient Balancer (Spears et 
al.. 2003). Lnrgc N losses and inefficient N mnnngement are npparent nccording to the 
nitrogen bnlance in this case study. 
Ranking types of farming system according to nitrogen turnover shows that nitrogen output is 
directly relnted to nitrogen input. and that the range of variation between input nnd outputs is 
greater in more intensive than less intensive systems (Tivy 1990). According to Tivy's 
definition, this case study is mnnnged in a semi-intensive manner, in which nitrogen input 
varies high with respect to nitrogen outputs, and N efficiency is variable. Regarding N output. 
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65% of the estimated N transfers out of the system corresponds to milk and meat products 
(I 02 and 18 kg N, respectively), 23% is lost by ammonia volatilization, 4% is output through 
vegetables and fruit, and 8% is lost by leaching and erosion. Assessments were made of the 
reliability of the data in Table 2 on the likelihood of the data source, to be both correct and 
representative of the agricultural systems intended to describe. Data li·om chemical analysis 
and experiments carried out within the valley of Mexico, is rated high(***), but mean values 
computed from research conducted in a different region in Mexico. are medium(**), while as 
low reliability(*) was associated to mean values literature data linked to different systems. 
Table 2. Nitrogen dynamics and balance (kg N ha- 1 per annum) in the li\S prototype in the 
Valley of Mexico. 
Input 
Rainfall water 
Irrigation water 
Biological fixation 
Concentrated feed 
Straw feed 
Total 
Output 
Vegetable and ti·uit 
M ilk and meat 
NH,-N loss by manure composting 
NH3-N loss manure amendment 
RunoiTand erosion 
Leaching 
Total 
Ha lance 
Reliability 
** 
*** 
** 
••• 
*** 
*** 
*** 
*** 
** 
*** 
** 
Reliability:(*)= low;(**)- medium;(***)- high 
Gaseous lossesfimn the /AS prototype 
IAS prototype 
kg N ha-1 u· 1 
14 
15 
35 
137 
45 
246 
7 
120 
25 
17 
2 
13 
184 
62 
lt is important to note that there are still uncertainties regarding gaseous N losses in this 
system; however, field experiments have shown that approximately 25 kg N a· 1 are lost 
through ammonia volatilization during composting in terms of the initial total nitrogen 
content in goat manure produced per year. and assuming that all manure will be composted 
for a month. Laboratory experiments measuring NI-b losses using undisturbed soils fi·om the 
Mezquital valley (60 km from the valley of Mexico) indicate that 10 kg N ha- 1 a· 1 is lost as 
ammonia from soils irrigated with groundwater, and in general gaseous losses represent from 
9 to 12% of the nitrogen applied through lcrtilisation (Vivanco-Estrada et al., 2001). 
(Estrada-Botello et al., 2002) noted that soil mineral N (ammonium and nitrate) from a 
tropical region in Mexico was typically partitioned as follows: 60% is utilised by plants, 20% 
is loss by volatilization and denitrilication, 5% through immobilization, 3% by means or 
surface run-off losses, and 12% by leaching fi·om the unsaturated zone into the water table. 
The IAS prototype has particular characteristics which make it more vulnerable to gaseous 
nitrogen losses. The predominance of alkaline soils, and the fact that goat manure has a pH of 
approximately 8.2 are important l~1ctors that enhance ammonia losses either by composting or 
when surface applied to grassland as an organic t"ertilizer. Consequently, it was calculated 
that approximately N losses or 12% of the total nitrogen applied through compost and 
vennicompost is volatilized as ammonia. Therelore. nitrogen losses through gas emission are 
considered to be approximately 17 kg N fi·om agricultural land (grassland, cut forage and 
vegetable production), 
Leaching losses o(N 
Lenching of inorgnnic N is afTeeted by climate. soil type. geo-hydrological conditions, crop 
species, timing and rate of fertilizer inputs (McNcill et al.. 2005). Amounts of nitrogen lost 
by leaching in the Mczquital Ynlley Mexico hnve been observed to be around 9% of the tolnl 
nitrogen input either through orgnnic or inorganic fertilization (Vivanco-Estrada et nl.. 200 I). 
Research conducted in arable systems in the north-western region of Mexico, gives estimates 
of nitrogen leaching losses ranging ti·om 14% to 26% of theN npplied as a mineral fertilizer 
in wheat under irrigntion regime (Riley et nl., 200 I). Hence. if we consider lcnching losses 
nround 9°;\, of the total nitrogen applied lo the land; the IAS prototype will lose around 13 kg 
NI -1 .J 1<1 yr . 
Conclusion 
The annual nitrogen balance in the IAS prototype is positive, due mainly to concentrate teed 
inputs. Gaseous N losses represent approximately 23% or the total N output from the system. 
However, due to the complexity of internal nitrogen transfer further attention will be given to 
this aspect because of the potential to underestimate total N losses due to ammonia 
volatilization, particularly during animal housing. Nutrient management in this system has 
been mannged using good agricultural practices; hence the use of mineral fertilizers has been 
minimized and the use of compost, vermicompost and crop rotillion arc management 
practices followed in order to reach long-term sustainability and self-sut1iciency of the 
system in terms of soil fertility. 
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A predictive framework for nitrogen flow in integrated agricultural 
systems in Ccntt·al Mexico 
By JOEL VELASCO-VE:LASC<Y2• ROB PARKINSON' and VICTOR KURI' 
'University of1'1Jill1011th, l'll'lnouth. Devon. PL-1 8AA, United Kingdom 
2 Colegio de l'ostgmduodvs. Montecillo 56230, !11exico 
Summary 
N losses. nitrogen use etliciency (0// ratio) and the change in soil N pool (ti.SNP) 
were estimated using nn N flow model bnsed upon an lntcgmted Agricultural System 
in Mexico. Typical I ivestock density manure management and crop sequence were 
included in the evalu<llion. N losses associated with mamging mnnure by composting-
vermicomposting and its application to typical crops ranged Jl·om 60-61 kg N hn·' yr' 
compared toN losses from 83-84 kg N In' yr' applying old manure. Estimated 0/1 
ratios by applying Jl·esh manure, old manure and vermicompost to non-legume crops 
ranged Ji·om 0.31-0.K9 compared to 0.25-0.82 with alia I fa. Current estimations of L\SNP 
showed a depletion of approximately 50 kg N h<r' yr' by current manure manngemcnt 
practices in the study region: however, using either old manure or vennicompost in 
allallit resulted in more nitrogen accumulating in the SNP. 
Key words: Nitrogen flow. nitrogen dynamics. N losses, integrated agricultural 
system 
Introduction 
lntcgrated agricultural systems (IAS). delined as the integmtion of livestock and arable crop 
production. and a ready exchangc of products and services between them. are widespread in the 
valley of Mexico although productivity can he variable and there is a potential lc1r pollution by 
N compounds to ground water. Modelling nitrogen (N) flow in core components of an IAS is 
commonly used to assess N use efficiency. Quantification or nitrogen flows in agricultural systems 
is complex: several approaches have been suggested (Schroder et al.. 2003; Spears et al .. 2003; 
Langcveld et al., 2007).ln Mexico. rew studies on N dynamics have been conducted in agricultural 
systems (Perez-Oivcra et al .. 2000: Estrada-Botello et al., 2002: Cristohal-Acevcdo et al., 2007). 
Agricultural producers in this region commonly integrate livestock and crops. Recently in addition 
to conventional manure management practices (relying in the use of fresh and old manure), they 
have been encouraged to manage organic waste through the composting-vennicomposting process 
(Velasco-Velasco et al.. 2008). in order to rcduce odour, enhance N cycling within core components 
and increase nitrogen use cfliciency in JAS. This research aimed to quantify nitrogen flows in 
relation to typical N management. crop sequence and livestock density in IAS in the Texcoco 
region in Central Mexico. 
Materials and Methods 
,)'tudv region and /AS clwracteri::ation 
The Texwco region is located in the North east of the Valley of Mexico at 2::!50m above sea level 
( I9°29"N and 98°54 · W). The region is characterized by a tropical, summer-rain climate with a mean 
annual temperature of 16 °C and mean annual precipitation of650 mm. nearly 90% of which f~tlls 
between May and October. Agricultural soils in the surroundings of the former Lake ofTexcoco 
are lonncd by volcanic ash covered recently by colluvium and with a pH range from 7.5 to 9.5: 
the water table is near the surl~tce (80-150 cm), and the groundwater is highly saline. with NaCI 
and Na1CO, being dominant (Beltran-Hcrnandcz et al., 1999). Soils in locations adjacent to the 
former lake are typically fine, mixed, thermic Cumulic Haplustolls with neutral pH (Sommer et al .. 
2007). The main characteristics of the core enterprises of IAS in this region arc shown in Table I. 
categorized based upon their size, livestock density and amount of fertilizer applied. The main N 
tlows are represented by inputs. outputs and internal flows (Fig. I). 
Table I. Characterisation ()(fifteen farms randomly .l·un'C'F('(I as par! o{lhis proiect in rl'lalionlo 
cropping sequence, liveswck composition and nitrogenmmwgeme/11 in the .l"llll(j' regio11 
Characteristics of IAS Nnmher of IAS per category 
Low Medium High 
Size (ha) <2 2-8 >8 
Crop sequence (lur 1 yr 1) 
Corn maizc/loragc oats 4 2 0 
Corn maize/vegetables 4 2 0 
Alfalfa 3 2 0 
Livestock density (LU ha· 1) <I 1-5 >5 
Dairy/beer cattle 2 R ' .) 
Pigs. sheep and goats 0 ' 0 .} 
Source of nitrogen (kg N ha· 1) <40 40-100 >lOO 
Fertilizer 3 2 2 
Manure 4 2 ' .) 
Prediclin' /i"muework 011 N flow and dala eo/In/ion 
. . 
The predictive framework wns developed to predict N llow at enterprise and farm level. allowing 
an assessment or variables related to N use ellicicncy and potential management practices to reduce 
environmentally significant N losses. TheN llow in the livestock enterprise was developed according to 
methodologies on whole farm N balance (Roy ~!al .. ~003; Schroder elal .• 2003: Cuttle & Jarvis, ~005) 
and livestock N balance (Kebreab e!al., 2001; Spears e/ al., 2003; Misselbrook el al.. 2005; del Prado e!al., 
2006 ). The data used was originated from an exhaustive I iterature review (Table~) and data gencrnted in this 
research ( Velasco- Velasco el al., 2008). The principle of theN llow model is the law of mass conservation 
as illustrated in Fig. I. Thus theN input (I) must be equal to theN output (0) plus N stored and losses. and 
the change in the soil nitrogen pool (L'.SNP) is a function of inputs. outputs and internal N llows. 
Definition (){t'ariables rmd IJ uant i(ica/ ion me/ hodolo gy 
N inputs and outputs variables were delined according to core componl!nts and their characteristics 
(Table 2). Indices related to nitrogen use cflicicncy on productive and environmental farm 
performance were estimated. Denitrilication was not considered due to it generally takes place under 
oxygen limiting conditions: characteristic not commonly lound in the study region. Immobilisation 
is currently under discussion to be included due to it is more representative (5%) in terms of the 
total N !lows (Estrada-Botcllo el al., 2002). 
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Fig. I. Simplified N flows within core components of IAS in the Texcoco region. ('BNF-biologicalnitro-
gcn fixation). 
Table 2. De scrip! ion oj"variah/es considered in/he JWedictivefi"tmlework 011 N.flow fill" livestock 
(kg LU' yr 1) and cruppi11g emerprises (kg N lur' yr1) 
lnpnts & ontputs 
Input 
Dairy cow 
Dairy heifer/Beef cattle 
Imported animal feed 
Output 
Dairy cow 
Dairy heifer & Beef 
cattle 
Label 
IL 
ILl 
IL2 
IL3 
IC 
ICI 
IC2 
IC3 
IC4 
ICS 
IC6 
IC7 
OL 
OLII 
llcscription 
Input Livestock 
Animal N intake 
Animal N intake 
Imported feed 
Input Crop 
Biological lixation 
Seed 
Rainfall water 
Irrigation water 
Manure 
Fc11ilizcr 
IV! in era I izat ion 
Output Livestock 
N milk 
OL 12 N excreted (urine & dung) 
OL 13. NH3-N emission 
22 
OL21 N excreted (urine & dung) 
OL23 N animal 
OC Output Crop 
OCI 
OC2 
Harvcstabk crop & straw 
NH3 volatilization 
OC3 Leaching 
OC4 Soil erosion & surf~1cc runofT 
LU= livestock unit (450 kg LW). 
' 
-' 
Source of data 
(Nennich e/ al .. 2005) 
This research 
(Carlsson & Huss-Dancll, 2008) 
This research 
(Galvis-Spinola & 
Hernandez-IVlendoza. 2004) 
(Aivarcz-Fucntcs I! I al .. 2003) 
(Misselbrook el al .. 2005) 
(Ncnnich el al .. 2005) 
This research 
(Estrada-Botello elul .. 2002) 
The output: input (Oil) rnt ins. defined in terms of productivity as the amounts of N ~xpot1cd in crop/aninwl 
product and nnimal Iced per surface unit. were calculnted by using the formula: 
011= 2:(0L 11 +OL1J+OCI) I ~(IL3·HC I +IC+IC3+1C4 + IC6) Eqn I 
Where OL 11 and OL23 units reler to output livestock in product, OC I represents the proportion of marketable 
crop product. IC I. 1. 3, 4 and 6 refer to N input in the soil cropping enterprise (Table 2). N losses arc 
referred to the proportion of N lost by NH, volatilization in livestock and cropping system and N lost by 
leaching. soil erosion and surl~tce ntnoll"and was calculated with the formula: 
N losses = LOL 13+0L21+0C1+0C3+0C4 Equ 1 
The change of SNP defined as the dilference between N nccumulated and N mineralized li·omthc SNP per 
surlace unit (ha) per year was estimated with the li.mnula: 
i\SNI' = N accumulated- N mineralized Eqn 3. 
Results 
N inputs to the wholt: IAS were dominated by biologicnl fixation (IC I) and imported feed. 
Regarding internalllows. N mineralizntion from SNP plays an cssentinl role in the environmental 
and productive performance of IAS. For example, amounts of N inputs. outputs and internal 
llows in relation to corn maize/forage onts as crop sequence per hectare per year. one dairy cow 
as livestock (LU ha· 1) and typical manure management in a typical IAS in the study region are 
highlighted in Fig. 2. 
Crop sequence: corn maize/forage oats 
-- --- ------ -- -- ---I Animal intake 29 I Exported Imported 12R I )()5 animal anim<tl feed I 3 ~ I product 2!1 I I 29 
I 73 Animal I 
Exported I accumulation I 
animal l"ced I 78 3 I 
0 Manure 10 l I I 73 0 I 
Exported I 
3) 1 Composting & I marketable 
13 I Harvest N Yennicompos- I 
crop I ting () I 91 Applied 13 I I fresh 35 I I 
BNF·. seed. I I 39 
nun-1rng. 82 I 91 35 () I 0 
water I I 
82 I I 
I Soil-cropping system I 
Fertilizer 0 I 1 33 Losses 
0 L I 72 
- - ------ - - -- -
Fig. 2. Example ofN flow (kg N ha·' yr' )in the cropping sequence corn maize/forage oats with one livestock 
unit of dairy cow and application of fresh manure in integrated agricultural systems ("BNF-biological 
nitrogen fixation). 
4 
N los.1·e.1· 
Manure management by composting-vermi..:omposting resulted in less N losses ..:omparcd with 
typical applications of old manui·e and fresh manure and the conventional combination of old manure 
plus fertilizer in whole I AS. This can be explained by the microbial stabilisation.ofmanure and the 
form of mineral nitrogen applied in vcrmicompost (>NO, and< NHJ; however when fresh manure 
is applied most mineral Nisin the form of ammonium and ammonia. enhancing volatilization. The 
crop sequence that showed most losses was corn maize/forage oats in comparison with the others 
(Table 3). As expected N losses increased irrrelntion1to livestock density LU per ha·1, assuming all N 
excreted by livestock is applied to agricultural land. We estimate that N losses in the IAS represent 
npproximmely 55% in relntion toN output by crops and animnl products per hectare per year. 
Table 3. Output/Input mtio{ill' t)'llicalmanlll'l! uwiwgement and different livestock density (LU 
lur 1) in !AS in the .\'tlft~l' region 
LU ha'1 
2.5 
5 
Fresh manure* 
Cm/fo Cm/vg Alfalfa 
0.39 0. 76 0.82 
0.42 0.62 0.48 
0.41 0.52 0.29 
Old manure** Vcrmicompost 
Cm/fo Cm/vg Alfalfa Cm/fo Cm/vg Alfalfu 
0.3 I 0.68 0.82 0.32 0:68 0.82 
0.33 0.54 0.48 0.34 0.54 0.48 
0.34 0.45 0.28 0.35 0.46 0.28 
Livestock unit (LU); crop sequence; corn maize/fomgc oats (Cm/fo), corn maize/vegetables (Cm/vg); • 
fresh mani1rc applied afler one month of srorage: **old manure applied afler seven months. 
N use P.ffit.:il!llt:_1' (0/lrtilio) 
The 0/1 ratio to assess N use etliciency showed similar values when old manure-and vennicmilpost 
is a)'>plicd in three crop sequences (Table 3) considering thnt the application is done to the first 
crop. Fresh manure and old manure plus li:rtiliser showed the highest 0/1 ratios. This indicates the 
readily available N for crops with lresh manure and the fertilizer replaced the lack of available N 
by old manure. In relation to crop sequence. allillfa had higher 0/1 ratios than corn maize/forage 
oats and corn maize/vegetables, except l"l1r the combination old manure plus fertilizer in which the 
crop sequence corn maize/vegetables showed the highest ratios; although this crop sequence had 
more N depleted tl·om the SNP. 
Change o(.mil N imo/ (accumulat ionldeplet ion) 
N clctJietion is strongly affected by current nwnngement practices, from approximmely 59 kg of 
mii1eral N is released by the SNP only one kg is ·replaced yearly with a typical crop sequence in 
the region. Using vennicompost showed more N accumulated in any crop sequence and allillla 
had higher values on N accumulation. 
J)iscussion 
N inputs through fertilizers in the study region is genernlly low (<100 kg lw·1 yr-1), and it IS 
probnbly one simple explanation or considerable amounts or imported animal feed; hO\w\'cr. the 
complex agroriomic management of agricultural land allow local prodl1cers to manage ranges 
rrom one to live LU h;r1. Biological N fixation (BNF) is crucial and difficult to account when 
studying N flows in IAS and inaccuracies could result in estimated values (Watson et al., 2005); 
however, in this work 13NF was included in order to depict n gt:nernl picture oi1 N dynamics in 
lAS. Due to the proximity to Mexico City N input by rainfall water resulted in 33 kg N ha· 1 yr·1 
on average(Cristobnl-Acevedo et al., 2007). Internal N flows are dominated by 1nineralization 
or SNP and the crop uptake: \\'hereas low N is accumulated. Special attention must be given to 
5 
internal N llow and agronomic practices and management of N arc crucial to keep productivity 
and sustainability of I AS. The use ofdiflerent equations. mean values. diflerent factors and default 
values ti·om a range of information sources, large potential errors arose and special auention will 
be investigated in future work in order to refine theN llow model. However. quantification of N 
losses, output/input ratios and change in SNP through theN llow model show the importance of 
manure management practices commonly used in the study region. 
References 
Alvarez-Fucntes G, Uerrera-Haro J G, Barcena-Gama R, Martinez-Cast.uieda F E, 
Uern:\ndez-Garay A, Pcrez-Pcrez J. 2003. Calidad de la alimcntacion y rcntabilidad de granjas 
lecheras familiares del sur del Valle de Mexico. Archivos de ZooteCIIia, 53: I 03-106. 
Beltran-Hcrnandez R I, Coss-Munoz E, Luna-Guido 1\1 L, Mcrcado-G<trcia F, Sicbc C, 
Dendooven L. 1999. Carbon and nitrogen dynamics in alkaline saline soil of the former Lake 
Texcoco (Mexico) as affected by application of sewage sludge. European .Journal ofSoil Science. 
50:601--608. 
Carlsson G, Uuss-Dancll K. 2008. How to quantify biological N fixation in forage legume in the 
field. In Biological Nfixation: 1i1ward\· Poveny Al/eJ•iation Through Sustainable Agriculture. pp. 
47-48. 
Cristobal-Accvcdo D, Elizaldc-Florcs E, Ccrda-Ruiz N. 20117. Dinami~.:a de nitrogeno en 
Ios sistemas agricolas organico y conwncional con cultivo de maiz (Zea Mai::e). In Congreso 
international de ciencias agricolas. pp. 213-216. 
Cnttlc S P, Jarvis S C. 2005. Use of a systems synthesis approach to model nitrogen losses li·om 
dairy farms in south-west England. Umss and Forage Science, 60:262-273. 
del Prado A, Scholclield D, Brown L. 2006. NCYCLE_IRL- A model to predict N fluxes in Irish 
grasslands. In 2000-LS-2-M2 Final report (vrction 3), pp. 42. 
Estrada-Botcllo M A, Nikolskii-Gavrilo\' I, Gaby-Rc)'Cs F, Etchcvcrs-Barra .J D, Palacios-
Velcz 0 L. 2002. Balance de nitrogeno inorganico en una parcela con drenajc subterranco en el 
tropico humedo. TERRA Latinoamericana, 211: I !!9-198. 
Gah·is-Srlinola A, 1-Jcrnandcz-Mcndoza T M. 211114. Estimation of the potentially mineralizable 
nitrogen. llllerciencia, 29:377-383. 
Kcbrcab E, France .J, Bccvcr DE, Castillo A 1~. 211111. Nitrogen pollution by dairy cows and its 
mitigation by dietary manipulation. Nutrielll ()'Cling in Agmecos\'stems, 611:275-285. 
Langc\'cld .J W A, Vcrhagcn A, Neetcson .J .J, \'an Kculcn 1-1, Conij n .J G, Se hits R L M, Ocncma 
.J. 2007. Evaluating farm performance using agri-environmental indicators: Recent experiences tor 
nitrogen management in The Netherlands . .Journal o/Enl'ironmrntal Manageme/11, 82:363-376. 
Missclbrook T 1-1, Powcll J M, Brodcrick G A and Grabber J U. 21105. Dietary Manipulation 
in Dairy Cattle: Laboratory Experiments to Asses the Influence on Ammonia Emissions. Journal 
o}Daii:J' Science, 88:1765-1777. 
Ncnnich T D,l-larrison .J 1-1, VanWieringen L M, Meycr D, Ueinrichs A .J, Wciss W P, St-l'icrrc 
N R, Kin ea id R L, Davidson D L, Dloek E. 20115. Prediction or manure and nutrient excretion 
li·om dairy cattle . .Journal 1!/Dair\' Science 88:3721-3733. 
Percz-Oivcra M A, Etchc\'ers-Barra .J D, Na\'arro-Garza H, Nnlicz-Escobar R. 2111111. 
Contribution of previous crop residues to the nitrogen pool in tepetatcs. Agrociencia 34:115-
125. 
l~oy I~ N, Misra I~ V, Lcsschcn J P, Smaling E M. 2003. Assesmcnt or soil nutrient balance: 
approaches and methodologies. In Fr!rtili::r!r ami plant nutrition hullctin I.J. 
Sehroder .J .J, Aarts H FM, ten Bcrgc H FM, \'an Keulen 1-1, Nectcson .J J. 2003. An evaluation 
of whole-farm nitrogen balances and related indices for efficient nitrogen use. Euro1wan .Journal 
r!fAgrmwmy, 211:33-44. 
6 
Summer I~, Wall P C, Govacrts B. 2007. Model-based assessment of maize cropping under 
conventional and conservation agriculture in highland Mexico. Soil & Tillage Research 94:83-
100. 
Spears RA, Kohn RA, Young A .1. 2003. Whole-lium nitrogen balance on western dniry farms . 
.loumal ofDail)' Scie11ce 86:4178-4186. 
Vclasco-Vclasco .J, Parkinson R, Kuri V. 2008. Nitrogen trans!Crs and losses in intcgmtcd 
agricultural systems in Central Mcxico.ln 13th RAM/RAN llltemational Col[{<'rence: polenlialjiJr 
simple /eclmology .wlulions i11orga11ic manun' mmwgeme/11. pp. 230-235. 
Watson CA, Born I, Eriksen .I, Edwanls A C. 2005. Perspectives on nutrient management in 
mixed farming systems. Soil Uw am/ Managemem 21:132. 
7 
